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Mechanistic Studies of Peptidylglycine alpha-Amidating Monooxygenase
Neil R. McIntyre
ABSTRACT
Peptide hormones are responsible for cellular functions critical to the survival of
an organism. Approximately 50% of all known peptide hormones are post-translationally
modified at their C-terminus. Peptidylglycine α-amidating monooxygenase (PAM) is a
bi-functional enzyme which catalyzes the activation of peptide pro-hormones.
PAM also functionalizes long chain N-acylglycines suggesting a potential role in
signaling as their respective fatty acid amides.

As chain length increases for N-

acylglycines so does the catalytic efficiency. This effect was probed further by primary
kinetic isotope effects and molecular dynamics to better resolve the mechanism for
improved catalytic function. The 1o KIE showed a linear decrease with increasing chain
length.

Neither the minimal kinetic mechanism nor the maximal rate for substrate

oxidation was observed to be altered by substrate hydrophobicity. It was concluded that
KIE suppression was a function of ‘Pre-organization’ - more efficient degenerate wave
function overlap between C-H donor and Cu(II)-superoxo acceptor with increased chain
length.
Substrate activation is believed to be facilitated by a Cu(II)-superoxo complex
formed at CuM.

Benzaldehyde imino-oxy acetic acid undergoes non-enzymatic O-

dealkylation to the corresponding oxime and glyoxylate products.

This phenomena was

further studied using QM/MM methodology using different Cu/O species to determine
which best facilitated the dealkylation event.

xv

It was determined that radical

recombination between a Cu(II)-oxyl and a substrate radical to form an unstable copperalkoxide intermediate was best suited to carry out this reaction.
Structure-function analysis was used to rationalize the electronic features which
made a variety of diverse imino-oxy acetic acid analogues such unexpectedly good PAM
substrates (104-5 M-1s-1).

To observe the effect oxygen insertion and placement had on

substrates between N-benzoylglycine and benzaldehyde imino-oxy acetic acid structures,
PAM activity was correlated with NBO/MEP calculations on selected PHM-docked
structures. This work concluded that the imino-oxy acetic acid was a favored substrate
for PAM because its oxime electronically is very similar to the amide present in glycineextended analogues.

xvi

CHAPTER 1: Introduction
The α-Amidating Enzyme
For some time, the amino acid sequences of peptide hormones which terminate in
a α-amide group have been known to be followed by glycine in their prohormone
sequence. For example, the sequence of α-melanotropin(1) and mellitin(2), which
terminates in valine-amide and a glutamine-amide, occurs adjacent to glycine in the
precursor sequence.

These observations suggested that C-terminal amide biosynthesis

involved the action of a specific enzyme to functionalize C-terminal glycines. In 1982,
an enzyme was discovered in the porcine pituitary which converted glycine-extended
peptides to the corresponding des-glycine peptide amide(3).
Peptidylglycine α-amidating monooxygenase (PAM) is a bi-functional metallooxygenase that has been the subject of deep study over a broad number of fields from
physical biochemistry, metabolomics, hormonolomics to process chemistry. High levels
of PAM are found within the neurosecretory vesicles, as well as many neuronal and
endocrine cells with high abundance in the pituitary gland (4, 5). The PAM reaction is
primarily utilized in vivo for the bio-activation of peptide hormones through catalytic
cleavage of a α-C-N bond, truncating glycine-ultimate substrates to their corresponding
amides. A variety of these amidated hormones function as neurotransmitters with wide
distribution over the paracrine and autocrine systems and actually appear to be ancient
physiological signal strategies (6). PAM also functions in the biosynthesis of amides
produced from glycine-extended fatty acid precursors(7-10) and bile acids (11).

Of

these examples, the role of fatty acid amide biosynthesis has recently been implicated in
the oleamide production, which is active in the sleep regulation pathway.(7, 12, 13).
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Amidation serves as a down-stream post-translational modification present within
both vertebrates and invertebrates, with postulated contributions leading to increased
ligand-receptor binding specificity for peptide and fatty acid amides compared with
carboxy-terminal prototypes (14).

PAM is the only known enzyme to catalyze substrate

amidation. This suggests PAM may be the rate-limiting step for signaling peptide and
fatty acid amide activation (6).
Dopamine β-monooxygenase (DβM, E.C. 1.14.17.1) is a tetrameric protein (75
kDa/monomer), with both membrane and soluble forms(15) able to catalyze the
stereospecific conversion of dopamine to norepinephrine within the neurosecretory
vesicles of the sympathetic nervous system(16-18).

The sympathetic nervous system

consists of both neuronal axons that interact with both smooth muscle and the
catecholamine secreting cells within the adrenal medulla (19). Dopamine, an important
neurotransmitter in the central nervous system, gains function as a neurotransmitter in the
sympathetic

nervous

system

through

its

inter-conversion

to

norepinephrine.

Catecholamine neurotransmitter function is also relevant in several neurodegenerative
disease states such as Alzheimer’s (20) and Parkinson’s (21) disease, and depression (22).
The transformation of one well-known catecholamine, dopamine to norepinephrine
increases resulting receptor specificity.
Structural Features of PHM and DβM
Peptidylglycine α-amidating monooxygenase (PAM, E.C. 1. 14.17.3) is a bifunctional enzyme consisting of two hetero-domains: Peptidylglycine α-hydroxylating
monooxygenase (PHM) and peptidylglycine amidoglycolate lyase (PAL). Within PAM,
the PHM domain has been the most extensively studied, due to its reaction and structural
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homology to dopamine-β-monooxygenase (DβM)(17, 23). Both enzymes are structurally
characterized by a solvent filled active site separating two essential, non-coupled copper
atoms(24-26). PHM is the N-terminal fragment of bi-functional PAM. This domain is
responsible for the copper-, O2-, and the ascorbate/reductant-dependent hydroxylation of
the α-glycyl carbon. Crystallographic evidence for PHM suggest that the two coppers
are as far as ~10.6 Ǻ apart (6, 27, 28) with extended X-ray absorption fine structure
(EXAFS) analysis for DβM in good agreement, suggesting that the coppers are greater
than four angstroms apart (29, 30). Electron paramagnetic resonance (EPR) and EXAFS
suggest that the active-site bound coppers behave completely as ‘non-blue’/type-II noncoupled mono-nuclear metal ions (24, 31-33). This structural and electronic data have
extreme value, aiding mechanistic resolution when coupled with kinetic analysis for
these enzymes (17, 34-36).
The reactions for both PHM and DβM involve hydrogen atom transfer from a
substrate/donor complex to an activated Cu/O species, resulting in the stereospecific
hydroxylation of pro-S α-glycine carbon and pro-R benzylic carbon hydroxylation
(Scheme 1.1a and 1.1b).
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Scheme 1.1a and 1.1b. Peptidylglycine α-amidating monooxygenase (PAM) and
dopamine β-monooxygenase (DβM) reactions. Please note, ASC represents ascorbate,
SDA is semi-dehydroascorbate, PHM is peptidylglycine α-hydroxylating
monooxygenase and PAL is peptidylglycine amidoglycolate lyase.
Peptidylglycine Amidoglycolate Lyase (PAL)
In addition to the monooxygenase domain of bi-functional PAM, the PAL domain
is a zinc, and recently discovered iron-dependent enzyme which catalyzes de-alkylation
of the α-hydroxyglycine PHM product to its corresponding amide and glyoxylate
products (scheme 1.1a) (37-39). In PAM, PAL is a 33 kDa monomer bound to the Cterminus of PHM and is responsible carbinolamide dealkylation(38).

Precise details of

the PAL mechanism have yet to be fully elucidated, though it was broadly considered to
catalyze a ‘zinc-hydrolase-type’ reaction, with removal of the substrate Cα-hydroxyl
proton by an active site base that drove the formation of the glyoxylate aldehyde moiety
(6, 40). It should be noted that no substrate channeling between PHM and PAL domains
has been detected (41). Therefore, it appears that α-hydroxyglycine release from PHM
is completely independent of subsequent PAL uptake.

The iron-dependence of this

reaction was unexpected and is not well understood, though mutation of a conserved
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tyrosine residue (Tyr 564) eliminated iron binding resulting in full PAL inactivation
(38).

PAL is a ureidoglycolate lyase (E.C. 4.3.2.3), which requires a tyrosine-bridged

ZnII-FeIII complex for catalysis (38).

By also utilizing calcium, PAL may actually be a

unique variation of the mixed-valent di-nuclear complex detailed in purple acid
phosphatase (E.C. 3.1.3.2.), making it an equally intriguing metallo-enzyme to PHM (4245).
The bi-functionality provided by PAL represents the key difference in the
reactions catalyzed by PAM and DβM. Overall, this lack of bi-functionality prevents dealkylation in DβM (scheme 1.1b). Though, novel substrates have been synthesized to
demonstrate this distinct chemistry for both PHM and DβM. For DβM, novel substrates
have characterized sulfoxidation(46), epoxidation of olefins (47-49), selenoxidation(50),
and

ketonization(51)

oxidations

(phenylethanolamines(51,

52),

and

β-halo-

phenylethylamines(53-55)). Of this group, only sulfoxidation has been observed for
PAM to date (46). Analogous to bi-functional PAM, DβM catalyzes the N-dealkylation
of benzylic N-substituted analogues (48), and allylic hydroxylation (56).
The

novel

DβM

substrate

analogues

which

demonstrate

a

de-alkylation process similar to that observed with the bi-functional PAM are very
intriguing.
reaction

In
with

substrates(48).

DβM, N-dealkylation resulted directly from the monooxygenation
N-phenylethylenediamine,

and

N-methyl-N-phenylethylenediamine

The analogous reaction, in which only the PHM domain is utilized for

bi-functional PAM have also been observed. Two examples include; benzylglycine and
benzyloxy acetic acid which were oxidized to the benzylamine and benzylalcohol
species, with concomitant glyoxylate production for both reactions (39). In each reaction,
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PAL-dependent N- and O-de-alkylation reactions were facilitated through complete
dependence on the PHM domain. For PHM and DβM, these de-alkylation reactions
provide evidence for a bond scission resulting solely from the oxidation chemistry of
their monooxygenase domains. The similarity in de-alkylation chemistry provides a
potentially interesting framework to study oxidation mechanisms within PAM and DβM
catalysis (39, 46, 48, 57).
Review of Oxygen Activation Among Monooxygenases
PHM and DβM are both monooxygenases, a class of enzyme which activates a
nucleophilic species of di-oxygen.

These enzymes have many several different routes

for oxygen activation. Though to be classified as a monooxygenase, substrate activation
must catalyze di-oxygen cleavage inserting one oxygen into the product while the other is
liberated as water(58).

Flavoproteins are known to reduce di-oxygen into

hydrogen peroxide in lactate monooxygenase (E.C. 1.13.12.4) catalyzing a sequential
reaction which involves an initial reduction of the isoalloxazine ring oxidizing lactate to
pyruvate. Oxygen facilitates the concomitant reduction of the dihydroflavin co-enzyme
and

oxidation

of

pyruvate

to

6

acetate

(Scheme

1.2).
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Scheme 1.2. Proposed mechanism for lactate monooxygenase (E.C. 1.13.12.4).
Co-enzyme reduction following pyruvate formation catalyzes formation of a flavinperoxide nucleophile which promotes pyruvate decarboxylation and water release(58).
Other flavin-dependant monooxygenases also incorporate variations of the flavinhydroperoxide intermediate into their catalytic mechanism to activate di-oxygen, such
examples

are

p-hydroxybenzoate

hydroxylase,

phenol

hydroxylase,

and

p-

hydroxybenzoate hydroxylase, cyclohexanone oxygenase, and bacterial luciferase(58).
Oxygen activation in pterin-dependent monooxygenases is very similar due, in
part, to the structural homology between compounds (Fig. 1.1).

Though as we will

see, there are some important aspects of oxygen activation that are not present in flavindependent oxygen activation.
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Figure 1.1. Structure comparison of flavin and pterin.

pterin

Tyrosine hydroxylase is well-studied ‘pterin-dependent’ monooxygenase that is
important for neurotransmitter biosynthesis. The reaction involves the conversion of
tyrosine to 3,4-dihydroxyphenylalanine (L-DOPA). Interestingly, this enzymes was the
first observed to display the well-known [1,2]-NIH shift during aromatic hydroxylation.
It has recently been determined that this intramolecular migration was dependent
primarily on the degree of steric hindrance at the para-position(59). This dependence on
aromatic structure suggested that a highly reactive electrophile was present. Di-oxygen
activation by tyrosine hydroxylase is similar to the flavin-peroxide of lactate
monooxygenase as it involves formation of a tetrahydropterin-bound hydroperoxide
intermediate.

Although a pterin-hydroperoxide species is formed, aromatic

hydroxylation is dependent on ferrous iron(II)(60, 61). The role of the iron in the catalytic
mechanism is to cleave the pterin-bound peroxide, yielding a high-spin iron(IV)-oxo
species (62). This intermediate was recently trapped with tyrosine hydroxylase actually
bound to the meta-position of the substrate and is responsible for hydroxylation.
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Scheme 1.3. Reaction catalyzed by tyrosine hydroxylase. The electrophilic aromatic
substitution of tyrosine is catalyzed by a high-spin ferryl oxidant, which is produced from
the reduction of a pterin-peroxide complex(62).
In tyrosine hydroxylase, the first step in oxygen activation is the two electron reduction
of di-oxygen (pterin-hydroperoxide) which is required to regulate iron oxidation. Once
the pterin-peroxide is formed, iron oxidation proceeds through the concomitant formation
of Fe(IV)O and 4a-hydroxytetrahydropterin. Oxidation of the aromatic substrate is the
rate limiting step (RDS) which is carried out through an electrophilic aromatic
substitution with the ferryl (Fe(IV)-O) and tyrosine (Scheme 1.3).
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The systems discussed illustrate an exclusive co-enzyme dependent activation of
oxygen with the flavins while the pterin co-enzyme containing system was used to
activate a high-spin ferryl complex. The next monooxygenase demonstrates di-oxygen
activation with the heme-dependent cytochrome P450 monooxygenases.

The

P450

monooxygenases are a very well-studied superfamily of enzymes. The mechanism of dioxygen activation by an iron co-factor involves the modification of the heme-bound ferric
(Fe+3) spin state from low to high(58).

Substrate binding results in the displacement

of an axial water ligand lowering the coordination number from six to five.

Prior

to oxygen activation, a single electron transfer event from an exogenous reductant results
in a heme-bound ferrous species. Di-oxygen binding results in a low-spin peroxy radical
which converted to a heme-peroxide moiety through sequential electron and proton
transfer events.

The ferryl-oxo (FeIV=O) species is formed through protonation of the

heme-peroxide. This is a similar activated oxygen species to that observed with tyrosine
hydroxylase, though the activate route is drastically different.

Substrate oxidation

follows through a concerted ‘rebound’ mechanism in which C-H cleavage and C-OH
oxidation occur in a single step (Scheme 1.4).
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Scheme 1.4. Di-oxygen activation mechanism for alkane hydroxylation by the P450
monooxygenase.
Di-oxygen activation can also occur with non-heme di-iron scaffolds such as
soluble methane monooxygenase (sMMO; E.C. 1.14.13.25). Present in methanotropic
bacteria, sMMO catalyzes the oxidation of methane to methanol (Scheme 1.5).

CH4

O2

NAD(P)H

H+

sMMO

HO

CH3 NAD(P)+ H2O

Scheme 1.5. Oxidation of methane to methanol via reduced soluble methane
monooxygenase.
This is an essential transformation as methanol is further oxidized to formaldehyde
eventually with energy stored as NADH, respectively.

This reaction is carried out

through a three subunit scaffold that includes a regulatory subunit which is required for
activity (MMOB). A reductase subunit (MMOR) is also present to shuttle electrons from
NADH to the monooxygenase active site (MMOH)(63, 64).
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the positive charge of the two high spin ferric (FeIII) atoms are countered by two
glutamate and bridging hydroxide ligands(65).

The octahedral geometry of the iron is

completed through the coordination of two additional histidine residues. Upon reduction
of Hox to FeII/(Hred), the MMOH subunit loses μ-bis-hydroxyl character causing an ironbound glutamate to undertake a carboxylate rearrangement from a free carboxy-oxygen
atom to a bridging position between the FeII-FeII.

This step causes a shortening of the

diiron interatomic distance slightly allowing the MMOH di-ferrous iron to rapidly and
irreversibly bind di-oxygen to yield intermediate O(66).

Di-oxygen then directly

complexes with the di-iron cluster causing the oxidation of each iron to the μ-1,2-peroxodiferric intermediate, P*(66).

Donation of a proton modifies P* to a di-ferric-

hydroperoxo species containing a μ-(η2,η2)-peroxide core structure which is designated
species P(67).

A subsequent proton results in di-oxygen cleavage leaving water

and a FeIV-FeIV bis-μ-oxo species (Q), the most powerful oxidizing species in nature
(66).

The conversion of P occurs without net change in the oxidation state of the iron

core as shown spectroscopically with Mössbauer displaying low isomer shifts indicative
of FeIV(68).

The decay of Q was found to be directly proportional to substrate

concentration represented by a large kinetic isotope effect on Q decay of 50 (66). Q
decay occurs in two sequential steps: substrate binding (species QS) and oxygen transfer
to form bound product (species T). The addition of substrate to the species Q (yielding
species QS) is characterized by the FeIV-FeIV bis-μ-oxo intermediate which abstracts
substrate hydrogen to give a substrate radical and carbocationic species with an adjacent
mixed valent FeIII-FeIV-OH intermediate (species R). The mechanism of hydroxylation
has not yet been fully elucidated, though a rebound mechanism involving direct substrate
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hydroxylation of the enzyme-bound radical or substrate carbocation quenching
mechanism facilitated by the FeIII-OH moiety of species R has been postulated(58). The
resulting substrate oxidation and alcohol release allow the FeIII-FeIII bis-μ-hydroxyl
species of Hox to be restored (Scheme 1.6).
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The role of the copper co-factor for monooxygenase di-oxygen reduction is
determined in binuclear proteins as being either magnetically coupled or non-coupled.
For the coupled binuclear copper monooxygenases, monophenol oxidase (tyrosinase;
E.C. 1.14.18.1) is an ideal example of an anti-ferromagnetically coupled di-copper
monooxygenase.

Tyrosinase is an essential copper-containing enzyme present in

organisms regulating pigmentation through the production of melanin(69, 70). Present in
melanocytes, this essential enzyme catalyzes the hydroxylation of monophenols to orthodiphenols and the subsequent two electron oxidation to orthoquinones with molecular
oxygen(69, 70) (Scheme 1.7). Melanin is a ubiquitous polymer composed of monomeric
precursors formed from the intramolecular cyclization of aminoalkyl substituted oquinones which contain the necessary indole character for melanogenesis(71).

OH
O2

Tyrosinase
E.C. 1.14.18.1

O
H2O
O

Scheme 1.7. The overall reaction of tyrosinase oxidation to yield the corresponding oquinone product catalyzed by tyrosinase (monophenol oxidase).
Recently, the X-ray crystal structure of tyrosinase was solved by Matoba et al.(72)
providing many novel insights into the chemical mechanism. The oxy (Scheme 1.8, blue
box) form, μ-η2:η2 side-on peroxide bridge, is consistent geometrically with type 3
copper proteins such as catechol oxidase and hemocyanin(70, 73-75).

Through flash

photolysis, the binding and reduction (2e-) of di-oxygen by deoxy tyrosinase (scheme 1.8,
green box) was shown to be rate limiting for phenol oxidation through high enthalpic
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barriers(76). This thermodynamic barrier was suggested to assist secondary structure
dynamics required which accommodate the shorter inter-copper distance characteristic
within the μ-η2:η2 side-on geometry. Substrate orientation to the oxy state is stabilized
through a hydrophobic interaction with a histidine residue from CuB orienting the
phenolic C-O toward CuA through a π stacking interaction (69) (Scheme 1.8).
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Scheme 1.8. Chemical mechanism for the hydroxylation and subsequent oxidation of
tyrosine to o-quinone via tyrosinase.
The proximity of the ortho-phenolic hydrogen to the side-on coordinated peroxo group
facilitates electrophilic attack of Cu2O2 moiety on the aromatic ring(69). This results in
an activated substrate bridging geometry that involves a phenolic C-O coordinated
directly to CuB in addition to a phenoxo bridge between CuA and CuB. This bi-dentate diphenolic intermediate further modifies the original oxy μ-η2:η2 side-on geometry by
decreasing the μ−di-oxo interaction allowing the η2 oxygen to be stabilized by the ortho
phenolic proton which migrates to form an η2 hydroxyl moiety. This interaction is
believed to allow rotation of the O-O axis within the peroxo ligand towards the phenol
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whereby concomitant cleavage of the O-O bond occurs.

The o-quinone product is

released with a water molecule though protonation of the bi-dentate di-phenolic
intermediate leaving the deoxy tyrosinase form (scheme 1.8, green box)(69).
Non-coupled monooxygenases
The focus of the following section will build on the nature of di-oxygen activation
and discuss in detail the magnetically non-coupled di-copper monooxygenases.

As

with all oxygen activating enzymes, the use of a non-coupled di-copper active site to
activate di-oxygen presents unique chemistry. With in this field, both peptidylglycine αamidating monooxygenase (PAM) and dopamine β-monooxygenase (DβM) are part of a
unique class of type-II copper enzymes.

Several proteins are categorized within this

area: PHM, DβM, monooxygenase X (MOX)(77), tyramine β-monooxygenase
(TβM)(78), and dopamine β-hydroxylase-like (DβHL)(79).
Sequence Homology between PHM and DβM
Shown in Fig. 1.2, is the aligned amino acid sequence of the PHM catalytic core
(PHMcc) evaluated with respect to bovine DβM.

Conserved residues are shown in the

consensus sequence with an exclamation point (!) while similar residues are denoted with
an asterisk (*).

Results revealed a significant 28% sequence identity and a 40%

sequence similarity extending throughout the catalytic domain comprised of
approximately 270 residues(6, 23).

The corresponding active site residue identification

numbers are listed for clarity in Table 1.1, respectively
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Figure 1.2.
Consensus sequence of the rat PHMcc (residues 42-356) versus the
corresponding bovine DβM sequence. Please see text for more detail.

CuH

CuM

Dopamine
β-monooxygenase

Peptidylglycine
α-hydroxylating monooxygenase

Histidine 265
Histidine266
Histidine336
Tyrosine233
Glutamine170

Histidine107
Histidine108
Histidine172
Tyrosine79
Glutamic Acid268

Histidine415
Histidine417
Methionine490
Tyrosine494

Histidine242
Histidine244
Methionine314
Tyrosine318

Table 1.1. Sequence homology comparing active site residues from PHM to analogous
residues in DβM.

17

CHAPTER 1: Introduction
The role of disulfide bonds in the PHM structure are currently unresolved, though
their position (Fig. 1.3) suggest that they may aid in definition of each respective copper
domain.

Further evidence for the structural definition within the tertiary structure

of PHM provided by conserved disulfide bonds comes from the ease at which enzyme
bound coppers may be removed from their respective binding domains without
denaturation (24).

This suggests that copper is not necessary for the folding of either

PHM or DβM within the endoplasmic reticulum (ER) and may be transported to the
protein once the folded structure is established to yield the fully active structure.
Evidence for copper chaperones includes HAH1, which transports copper to both Menkes
and Wilson proteins(80-82). Both proteins are copper-translocating P-type ATPases
found in the trans-golgi apparatus which may function to deliver copper to subsequent
enzymes (ATP7A) for delivery of copper to dopamine beta-monooxygenase and
peptidylglycine alpha-amidating monooxygenase within the trans-golgi network.
Therefore, experimental evidence supports the sequential process of protein folding
followed by copper binding for PHM and DβM.
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Disulfide bonds in the PHM crystal structure in relation to filled copper

Substrate Specificity for PAM Among Glycine-Extended Peptides
As shown in Fig. 1.5, the C-terminal glycine-termini is utilized for substrate
positioning in PHM. Beyond glycine-extended substrates, D-alanine-extended substrates
have also been observed to undergo substrate oxidation(83). Though in the position
adjacent to the C-terminus glycine, Tamburini studied structure-activity relationship of
peptide substrates for PAM. Using the substrate N-dansyl-(Gly)4-X-Gly, where X
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represents the amino acid mutation for each of the twenty natural amino acids, amidation
activity was evaluated. Overall, the identity of the amino acid does not affect the ability
of PAM to amidate, though hydrophobic residues (X = phenylalanine and tyrosine) are
preferred (84, 85).
Electron Transfer between CuH and CuM from X-Ray Crystallography
Extensive research has been reported regarding the pathway for electron transfer
between copper sites and the nature of O2 activation in DβM and PHM(28, 86).
Comparison of the structures of PHMoxidized with and without bound peptide reveal no
significant differences in structure(28).

The coordination of the two active site

coppers is similar in both the oxidized and reduced structures.

The CuH remains in a

planar T-shaped coordination geometry, coordinated by three histidine ligands (H107,
H108, H172).

The Cu-N bond lengths for H107 and H108 (1.9-2.2Ǻ) are slightly

shorter than H172 (2.1-2.6 Ǻ), which decrease by 0.4 Ǻ in the reduced structure.

The

CuM domain remains tetrahedral, coordinated in both oxidized and reduced forms by
H242, H242, M314 and water.

Overlay of CuH and CuM sites from oxidized and

reduced PHMcc highlights the similarities between the two structures (Fig. 1.4).

The

two greatest differences are a change in the position of the water molecule bound to the
CuH and the tighter ligation by H172 in the reduced structure. These similarities between
oxidized and reduced structures were thought to promote electron transfer between the
sites by reducing reorganization energy(28).
PHM Structure
The shape of the oxidized PHM structure is composed of two 9-stranded βsandwich domains that are roughly equivalent in size, defined as a prolate ellipsoid (87).
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The inter-domain surface is bridged by a 500 Ǻ2, solvent accessible interface. There is
one copper per β-domain, each defined by a unique ligand set. Each domain is centered
around their respective copper atom. One copper center (CuM) has two Nε-histidines
ligands (His240 and His242) and a methionine sulfur ligand (Met314) (Fig. 1.5).The CuH
center, has three Nδ-histidine ligands (His107, His108, His172).

Crystal structures for

substrate bound PHM have been established for the oxidized E-2Cu(II)(87), the reduced
E-2Cu(I)(28), and pre-catalytic (E-2Cu(I)-O2) enzyme forms(27). The crystal structure
with bound substrate shows its binding site close to the CuM site where O2 binding and
activation are thought to occur. As shown in Fig. 1.4, there is no large structural shifts
between redox states of substrate bound PHM.

This demonstrated closure of the β-

domains was unlikely. Within this figure, the substrate binding motifs are also shown,
with the substrate N-α-acetyl-3,5-diiodotyrosylglycine displaying a salt-bridge to the
guanidine group of arginine 240 of the carboxy terminus of the glycine-extended
substrate (Fig. 1.4).

The circled α-glycyl carbon within this figure contains the pro-S

hydrogen which is abstracted via the copper-superoxo nucleophile. Resolution

of

the

PHMcc (residues 42-356) displays the interatomic distance between CuM and CuH to be
~11Ǻ, which does not appear to change as a function of substrate binding or oxidation
state.
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Figure 1.4. Overlap of reduced (red) and oxidized (blue) PHM crystal structures.
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Figure 1.5.
PHM active site determined from the pre-catalytic crystal structure
(1SDW). Please note, that the endogenous IYT structure was replaced by IYG as binding
orientations were super-imposable. Circled is the Cα-glycyl atom.
Copper Domain Geometry Revisited
The copper geometry was determined from the X-ray structure to change as a
function of oxidation state within their domains. In the oxidized PHM structure, CuM is
square pyramidal and CuH is square planar, while in the reduced form CuM is tetrahedral
and CuH is T-shaped (Fig. 1.6). Though, EXAFS has determined more precise bond
lengths which show the oxidized geometry of CuM is more of a distorted tetrahedral due
to the absence of Met314 interaction(33). Upon reduction, shortening of the Cu-SMet314
bond length by over 0.3Ǻ well-describes the shown tetrahedral geometry. For CuH,
EXAFS data showed that only two of the three histidines were coordinated by the copper,
detailing a weaker bonding interaction for one of the histidines resulting instead in a two
coordinated reduced form.

As we will learn, these slight discrepancies between the X23
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ray and EXAFS data are the initial cause of division within events following the
reductive phase of the reaction.

Specifically, the crystal structure copper geometries

would support a substrate mediated electron transfer event that is very fast, while the
EXAFS would predict slow electron transfer due to the increased degree reduction alters
the copper domain’s ligand environment(88).

One postulated source of error for

the differing spectroscopic conclusions may have arisen from a photoreduction event
from the X-ray beam causing the solved crystal structure to be an average of reduced and
oxidized states(88).

Met314
His244

Met314
OH2

1e-

CuMII
His242

OH2

H2O

Oxidized CuM Domain

CuMI
OH2
His242

His244

Reduced CuM Domain
His108

His172

His108

1e-

CuHII
H2O

CuHI

His172

His107

H2O
Oxidized CuH Domain

His107

Reduced CuH Domain

Figure 1.6. PHM copper domain geometry as a function of oxidation state.
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Background Postulated Mechanisms
For both PHM and DβM, the first step of the catalytic cycle is initiated by the
reduction of each enzyme-bound copper by an exogenous reductant(6, 17); in vivo studies
suggest it is ascorbic acid(1, 89).

For reduction, a “ping-pong” mechanism is utilized

such that the reductant irreversibly reduces each copper site allowing di-oxygen and
substrate interaction only with the reduced form of the enzyme. This kinetic trend
suggests that once copper reduction occurs, the affinity of the enzyme for the oxidized
molecule is low with release occurring much faster than subsequent substrate binding
steps. Initially performed to conclusively determine the absence of a coupled bi-nuclear
site, Brenner et al. used burst phase kinetics to demonstrate that pre-reduced coppers
were catalytically competent to hydroxylate the substrate (90, 91). Furthermore, a presteady state burst was observed which was equal in amplitude (1 product : 1 enzyme
equivalents) to the enzyme concentration, indicating that the rate of product release was
slow with respect to the chemical reaction(92). This allowed a concomitant copper reoxidation with product release to be observed, thus showing that the reductant and
substrates show preference for different redox states of the enzyme.
The complexity within the chemical mechanism for both PHM and DβM has been
deduced primarily from kinetic isotope effects (KIE). Kinetic isotope effects (KIEs) are
incredibly versatile tool for mechanism and transition-state structure elucidation in
enzymatic reactions (93, 94).

The presence of KIEs, correspond to a change in bonding

force constants in the molecule of interest(95, 96).

As defined under the Born-

Oppenheimer approximation, the uniqueness of this probe is based on the unaltered
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potential energy surface of molecules containing isotopic substitution, (95-97). The
‘non-perturbing’ nature of isotopic labeling allows changes in bonding and structure to be
observed directly from the magnitude of KIEs. This correlates directly with changes in
vibrational phenomenon between reactant and transition states. Kinetic isotope effects
are determined from the product of several terms (equation 1).

The first term is the

mass, moment of inertia (MMI), followed by zero point energy (ZPE), and excited state
energy (EXC).

KIE = MMI * ZPE * EXC
Equation 1.1.
The transition state is defined as a purely dynamic and transient theoretical
vibrational state predicted along a reaction coordinate, estimated to last 10-13 s-1(less than
a single bond vibration)(98-103). Thus, the transition state becomes a theoretical
treatment for the energetic maximum of a reaction coordinate to associate the conversion
of a purely vibrational event to a translational one. Thus, the transition state can be
considered the maximum potential energy observed on the surface of a reaction
coordinate with an imaginary frequency in addition to normal vibrational modes (3N7)(94, 97).

The imaginary frequency actually functions in the decomposition of this

activated complex.

A stable frequency at the transition state would yield a reactant- or

product-like intermediate that may not favor spontaneous decomposition once the
activation energy requirement for reaction was reached.
Kinetic isotope effects can be studied on steady-state parameters defined by initial
rate kinetics. For a bi-reactant system, these parameters include KM,A, KM,B,VMAX, and
VMAX/KM,A, and VMAX/KM,B. The KM terms are referred to as the Michaelis constant,
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each substrate has their individually defined KM value denoted with either an A or B.
The kinetic significance of the Michaelis constant is derived from the substrate
concentration (either A or B) that is required to reach the half maximal rate for the
reaction.

KM is essentially a measure of the affinity an enzyme has for a particular

substrate, and is defined as the ratio of enzyme-substrate (E-S) complexes which undergo
rate-determining chemistry versus substrate release from the E-S complex. This maximal
rate, referred to as VMAX differs from the Michaelis constant as it is not dependent on the
substrate (either A or B) as it only defines reaction rates observed during substrate
saturation.

VMAX can be defined as the rate of product release from productively

bound substrates. The VMAX/KM term is defined as the second-order rate constant which
includes all steps involved in the addition of either substrate A or B, up to and including
the first irreversible step. A more common interpretation of VMAX/KM values is that it
represents the ‘catalytic efficiency’ of a particular substrate, binding to the enzyme such
that the release of product is observed. The phenomenon of substrate saturation with a
bi-reactant reaction can be further defined as ‘apparent’ KM,VMAX, and VMAX/KM values.
These terms describe the relationship of reaction velocity when one substrate is saturating
while the other is below this concentration. The observed trend in apparent kinetic
parameters as a function of varying substrate concentration will later be shown to give
valuable insight into enzyme mechanism when coupled to KIEs.

KIE

nomenclature

usually looks at the effect isotopic substitution on product release and catalytic efficiency
as the relationship between LIGHTVMAX/ HEAVYVMAX and LIGHTVMAX/KM/ HEAVYVMAX/KM.
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Minimal Kinetic Mechanism
Analysis of a minimal kinetic mechanism of an enzyme allows the researcher to
understand the order of substrate addition to the enzyme and the nature of product
release.

This is done by examining variables which affect kinetic rates of the

enzymatic reaction.
concentrations.

For

example,

one

usually

begins

by

varying

substrate

A fundamental assumption about enzymes is that once substrate

saturation is achieved, catalysis must be entirely rate-determining. This is defined by the
hyperbolic trend observed with well-behaved Michaelis-Menton kinetics. The kinetic
mechanism allows the nature of E-S and E-P complexes to be established, thereby
providing insight into the dynamic architecture within the active site.

Role of Tunneling in C-H Bond Cleavage
The Klinman group has demonstrated a temperature dependence on both the
primary and secondary intrinsic isotope effects for substrate Cα-H bond cleavage
catalyzed by PAM. The observed non-classical Arrhenius behavior on the intrinsic
isotope effect suggest that the probability of hydrogen atom transfer is by dominated
quantum mechanical tunneling(104). This result was unique when compared with better
understood systems exhibiting this phenomenon (example soybean lipoxygenase (105,
106)). Due to the high degree of solvent accessibility within the PHM active site the
contribution from environmental reorganization energy and protein vibration suggest that
hydrogen tunneling would be an unlikely primary catalytic strategy.

The

reorganizational energy is required to control the energy to attain degenerate states
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between reactant and product while protein frequency modulates the distance between the
C-H donor and the Cu/O2 acceptor.
Computational Studies
The first density functional theory (DFT) computational analysis of the
PHM/DβM reaction coordinate was used by Chen and Solomons (scheme 1.9)(107, 108).
This study used a truncated model of the PHM active site to probe the reaction
thermodynamics for Cα-H bond cleavage in formylglycine. Their results suggested that
side-on (η2) copper(II)-superoxo was a more favorable nucleophile compared to the η1copper(II)-hydroperoxo for C-H bond cleavage (14 versus 37 kcal/mole).

Utilizing

frontier molecular orbital analysis (FMO), the η2-copper(II)-superoxo was rationalized as
increasing the availability of oxygen orbital overlap toward the hydrogen donor.
According to their calculations, electron transfer from CuH was predicted to follow Cα-H
bond cleavage.
Subsequent theoretical studies utilized hybrid quantum mechanical/molecular
mechanics (QM/MM) calculations with DβM and PHM to postulate a high-valent
copper-oxo nucleophile responsible for C-H bond cleavage, a hydrogen acceptor based
on the mechanistic observations cytochrome P450(109-111).

This mechanism puts

forth, instead of a copper-superoxo species, a highly reduced copperIII−oxyl species for
substrate Cα−H bond cleavage. For these species to exist, electron transfer must occur
prior to C-H bond activation. Both studies which concluded the high-valent copper-oxo
species are very controversial (112, 113). As mentioned earlier di-oxygen reduction has
strong support coupling it to substrate C-H abstraction.

This would eliminate the

possibility that a copper(III)-oxo nucleophile is present in the reaction coordinate of
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either PHM or DβM. Though, further discussion is warranted as these are
computationally elegant studies that offer insight the unique function of these systems
while simultaneously offering potential mechanisms (albeit unintentionally) to improve
the catalytic power of these systems and model systems therein associated with C-H bond
reduction.

Therefore, these mechanisms provide information about the upper limits

possible for the catalytic power of PHM and DβM.
Evidence of CuII-superoxo Intermediate
Since the hydrogen abstraction mechanism is governed by quantum mechanical
tunneling, the

18

O kinetic isotope effects performed on PHM and DβM only offer

mechanistic information up to and including the O-O cleavage step, respectively(113).
These are informative probes which can be coupled with Cα−H/D kinetic isotope effects
to postulate the hydrogen abstracting species, though these heavy atom effects are
independent of substrate oxidation and product release steps. For both PHM (35, 114)
and DβM (115, 116), the dependence 18O KIE upon substrate deuteration show that C-H
bond cleavage precedes the O-O required for substrate hydroxylation, yielding a Cu(II)hydroperoxo and a substrate radical. Spectroscopic data using rapid freeze quench
methodology further suggested that an EPR-silent copper-superoxo species was formed
as O-O and C-H cleavage are tightly coupled (117).

Unfortunately during the substrate

oxidation step, the differentiation between each postulated mechanism becomes difficult
to isolate and distinguish in the absence of a suitable reaction probe.
Evidence for a Radical Substrate Intermediate
The bulk of work in support of a substrate-free radical within this area comes
from the DβM literature.

There have been several studies which built substantial
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evidence for a substrate radical mechanism during turnover (118-121).

The first

approach used substrate-based inhibitors to probe electronic effects to define the degree
of polarization within the transition state. As this class of inhibitors requires C-H bond
cleavage to occur to facilitate inactivation, measurement of the partition ratio as a
function of substrate deuteration defined the population which went either to oxidation or
inactivation product.

It was observed that there was an isotope effect for C-H bond

cleavage as a function of oxygen concentration, though not on the partition ratio directly.
From this, a sequential reaction which broke a C-H bond then oxidized substrate by way
of a stable substrate radical was supported.
mechanism

was

determined

from

the

Further evidence for this sequential

aromatization

of

1-(2-aminoethyl)-1,4-

cyclohexadiene to form a phenylethylamine product that was inert to oxygen
incorporation(122).
Postulated Reaction Mechanism for PHM/DβM
The following mechanisms display a copper-superoxo nucleophile for substrate
activation (Scheme 1.9). These mechanisms differ in the initial coordination geometry of
the di-oxygen species to copper as either side-on or end-on.

The Solomon group

spectroscopically validated a side-on/η2 species from bio-mimetic studies(123, 124).
The side-on copperII-superoxo species was shown to be more thermodynamically
favorable compared with the end-on/η1 analogue from hybrid QM/MM calculation (107,
108). Recently, evidence for the end-on/η1 species has been observed in the PHM crystal
structure (1.85Ǻ) warranting further study of this species as the hydrogen acceptor (125).
Both ‘side-on’ and ‘end-on’ mechanisms assimilate as an end-on/η1 CuII-hydroperoxo
species is predicted following Cα-H bond cleavage.
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Solomon group predicts direct Cα-substrate radical hydroxylation, followed by a radical
recombination event resulting in the simultaneous reduction of the copper-hydroperoxo
species and hydroxylated product release. The remaining CuII-oxyl radical species
provides the necessary driving force for intramolecular electron transfer from the CuH site
to traverse 11Ǻ, completing the reaction. Conversely, the CuII-hydroperoxo species in the
mechanism postulated by Klinman is reduced by a intra-molecular electron transfer event
from the CuH site yielding a CuII−O· radical via homolysis. Radical recombination of
substrate and Cu/O radical species result in a covalent, inner-sphere alcohol
intermediate. Product release is facilitated by hydrolysis of this intermediate.
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Two entirely theoretical mechanisms put forth (Scheme 1.10), proposing that instead of a
copper-superoxo species, a highly reduced copper−oxo is utilized for substrate Cα−H
bond cleavage. This mechanism implies the un-coupling of di-oxygen reduction from
substrate activation, analogous to the ferryl oxidant (FeIV=O) (109, 113). Through hybrid
QM/MM simulations, the CuIII−oxide/CuII−oxyl species were determined to be
thermodynamically favored versus CuII-superoxo and -hydroperoxo species(109-111).
These mechanisms propose an environmental modification of the initial end-on/η1
CuII−superoxo species through coupling of an intra-molecular electron transfer to the
sequential acquisition of two protons to release a water molecule resulting in a
copper−oxyl species. The simulation performed by Crespo et al. is by far the most
computationally elegant simulation of the theoretical models introduced (109). Here, a
CuII-oxyl species was predicted to exist with two unpaired electrons ferromagnetically
coupled to an unpaired electron delocalized within the CuM ligand domain.

With a

quartet spin ground state of this complex, the H-abstraction event was assumed to be
concerted with hydroxylation of the substrate radical, with a spin inversion event from
quartet to doublet ground state accompanying substrate oxidation. This event represents
simultaneous substrate oxidation and hydroxylated product release, leaving the L3CuII to
bind a water molecule to restore distorted tetrahedral geometry in the oxidized, resting
state.

The adjacent mechanism proposed in Scheme 1.10 by Yoshiwaza et al.

determined that a triplet ground state is most thermodynamically favorable species for Habstraction by a CuII −oxyl species (110, 111). The following substrate oxidation reaction
undergoes a spin inversion to yield an antiferromagnetically coupled singlet state to drive
concerted H-abstraction with product release.
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Beyond the mechanisms proposed in Schemes 1.9 and 1.10 for PHM/DβM
substrate hydroxylation, a fifth mechanism was omitted. This mechanism was referred
to as the superoxide channeling mechanism and builds on some challenging spectroscopy
to postulate this chemically innovative hypothesis(86).

Binding trends of copper

monoxide (CO) binding to the reduced PHM structure showed a 0.5 CO : CuI
stoichiometry, with the copper-carbonyl signal (FTIR stretch) occurring solely at CuM,
respectively.

Interestingly, in the presence of an enzyme bound substrate; the copper-

carbonyl signal migrated completely to the CuH domain.

As the presence of substrate

was not found to perturb the geometry of either copper domain(88), it was reconciled that
the reduced CuH domain must function to bind di-oxygen yielding a one electron reduced
superoxide which traverses the 11Ǻ active site to CuMI, binding as a CuMII-superoxo
complex for Cα-H bond activation.

Therefore this mechanism fundamentally differs

from each listed above as oxygen activation occurs with a concomitant electron transfer
event from CuH. Unfortunately, the body of evidence does not support this hypothesis as
there has never been any detectable superoxide/hydroperoxide species to ‘leak’ out of the
active site and all oxygen activation steps are always coupled with hydroxylated-product
release.
Introduction to Dissertation Chapters
This dissertation will first look at the quantum mechanical aspect of Cα-H bond
cleavage by observing the primary kinetic isotope effects for N-acylglycines as a function
of chain length.

A linear decrease in the magnitude of the observed KIE was interpreted

using both molecular mechanics (MM) docking simulations as well as molecular
dynamics simulation called Alchemical Free Energy Perturbation (AFEP). AFEP allows
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the relative energy of bound substrates to be directly compared. This study concluded
that the decrease in the KIEobserved for these substrates involves a structure-dependent
increase in ‘pre-organization’ which serves to decrease the conformational sampling of
the longer substrates allowing more efficient wave function overlap to be present upon
substrate binding.
The next chapter involves the rational design of a substrate to deduce the
oxidation species involved in substrate hydroxylation.

Benzaldehyde imino-oxy acetic

acid was determined to undergo a PAL-independent, non-enzymatic dealkylation reaction
following PHM oxidation to benzaldehyde oxime and glyoxylate products.

Therefore,

this substrate was well adapted to study the monooxygenase domain of bi-functional
PAM, the PHM-domain, independently of the PAL-dependent dealkylation observed
with glycine-extended substrates. A hybrid quantum mechanical-molecular mechanical
simulation was performed to model this non-enzymatic de-alkylation to determine which
oxidation species in PHM was responsible for substrate oxidation.

The results suggest

that a covalent intermediate which follows radical recombination between a copperII-oxyl
and a substrate radical is the only species likely to drive the dealkylation chemistry for
this model substrate.
The final chapter seeks to better understand the relationship between the
benzaldehyde imino-oxy acetic acid and N-benzoylglycine substrates by using a novel
approach to structure-activity relationships.

Using high level docking algorithms, the

binding orientation for a series of molecules that structurally linked N-benzoylglycine to
benzaldehyde imino-oxy acetic acid through combinations of oxygen presence/absence
(example O-acetyl hydroxamic acid and imine-containing derivatives).
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were further analyzed using Natural Bond Analysis (NBO) to look at the lone pair
contribution of each structure to determine the role of hyperconjugative stabilization.
The relationship of activity to the electronic information provided through NBO analysis
suggest that benzaldehyde imino-oxy acetic acid is in fact electronically very similar to
N-benzoylglycine.

This structure-activity study also contained many imino-oxy acetic

derivatives which were shown to have similar inhibition to Michaelis constant values,
suggesting that only one binding orientation exists for these compounds and that the
(VMAX/KM)apparent values for these compounds are equal to or better than N-benzoylglycine
analogues.

These kinetic and theoretical results make the imino-oxy acetic acid an

interesting moiety for drug design targeting PAM.
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CHAPTER 2: Substrate Pre-Organization in PHM

Introduction
In comparison to peptide hormones, current biosynthetic pathways for primary
fatty acid amides are poorly understood (1). The Merkler group has postulated the
formation of both conjugated/non-conjugated glycine-extended fatty acid and bile acid
amides from their CoA thioester derivatives by acyl-CoA:glycine N-acyltransferase
(ACGNAT) (E.C. 2.3.1.13) (2-5) and bile acid coenzyme A:amino acid N-acyltransferase
(BAAT) (E.C. 2.3.1.65) (6-8).

Each of these enzymes catalyzes the sequential

thioesterase and acyl transferase reactions required for glycine coupling. This glycineextended product is then used as a substrate for peptidylglycine α-amidating
monooxygenase (PAM) rendering the corresponding amide and glyoxylate products. The
most compelling evidence for the biosynthetic pathway of fatty acid derivatives utilizing
PAM was observed with the sleep regulating, fatty acid hormone, N-oleamide (Fig. 2.1.)
(9-11).
O
CH3(CH2)7

(CH2)7

NH2

Figure 2.1. Oleamide (cis-9-octadecenamide)
The addition of exogenous, radio-labeled oleic acid

displayed a PAM dependent

conversion to N-oleamide which suggested that N-oleoylglycine was an intermediate in a
novel biosynthetic and regulatory pathway for this fatty acid amide(5).
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Glycine
A. Fatty N-acyl-CoA

CoA-SH

2H , 2e-, O2
H2O
A. Fatty N-acylglycine
2CuII

ZnII, FeIII
PAL

PHM

B. Bile N-acyl-CoA Pathway A: ACNAT B. Bile N-acylglycine
Pathway B: BAAT

A. Fatty N-acylamide

+ glyoxylate
B. Bile N-acylamide

Scheme 2.1. Postulated pathway for the reduction of both fatty and bile N-acyl-CoA to their
corresponding amide and glyoxylate products. Although not displayed, an ATP-dependent step is
hypothesized to catalyze the formation of the acyl-CoA thioester used with ACNAT and BAAT.
As N-glycine-extended derivatives of fatty and bile acids have been shown to undergo
oxidative cleavage via PAM (scheme 2.1) (2-4, 6, 7, 12), this pathway has been further
hypothesized to include fatty acid amide hydrolase (FAAH)(13). FAAH is an amidase
signature (AS) enzyme(14, 15), and its role for following PAM in lipid amide signaling
regulation, appears plausible(3, 4, 6).
Critical for complete understanding of this pathway is the kinetic mechanism for
both dopamine β-monooxygenase (DβM) and peptidylglycine α-hydroxylating
monooxygenase (PHM), the monooxygenase domain of PAM. Both enzymes have been
studied extensively, though many hypotheses have been difficult to fully elucidate due to
the extreme complexity of each systems(16-18). Excluding substrate specificity of DβM
and PHM, all other salient features of each reaction including copper-mediated oxygen
activation, Cα-H transfer and hydroxylation mechanisms, have been experimentally
observed to be super-imposable (equation 2.1.)(17, 18).
2e-, 2H+, O2
R

H

H 2O
2Cu

II

R

OH

DβM or PHM

Representative reaction for the hydrogen transfer/substrate oxidation
Scheme 2.2.
reaction for DβM (R=benzyl donors of phenylethylamines) and PHM (R=α-glycyl
donors of glycine-extended substrates), respectively.
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Semi-classical formalisms such as the transition-state theory (TST) and
variational transition state theory (VTST) are unable to fully explain the wealth of
mechanistic data for both PHM and DβM. For example, the large intrinsic and secondary
kinetic isotope effects associated with Cα-H cleavage (chemical step) are beyond semiclassical values and independent of temperature(19, 20). As a result, PHM and DβM are
best treated with a modified Marcus-model to understand the quantum mechanical nature
of substrate and protein within the activation of each system(20-22). Marcus theory
governs the environmental factors employed to develop the transition configuration
required for hydrogen transfer. The rate limiting step within hydrogen transfer is the
probability of attaining the transition configuration for this coordinate(22, 23).
Specifically, the potential energy surface of the hydrogen transfer coordinate is controlled
by the environmental surface (protein and solvent). Within Marcus theory, the de Broglie
wavelength of the hydrogen donor, defines not only the wavefunction of the transferred
particle but as we will see, has a great deal of influence modulating the degenerate wave
function overlap necessary to reach the transition configuration (figure 2.3)(24). As the
degenerate overlap between donor and acceptor is highly sensitive to distance,
isotopologues of hydrogen yield decreasing de Broglie wavelengths (λ) proportional to
mass (λ= 0.50Ǻ(H), 0.31Ǻ(D), and , 0.25Ǻ(T))(25).

Large primary kinetic isotope

effects for these reactions signify transfer coordinates which are similar in magnitude to
the hydrogen wavelength, respectively (26).
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Figure 2.2. The two parabolas represent the reactant (R) and product (P) wells in the Marcus-model for

electron transfer. The ΔG‡ term represents the barrier for the electron transfer process. This activation term
is dependent on both reaction driving force (ΔG°) and reorganization energy (λ), respectively.

As displayed in figure 2.2, the Marcus model for electron transfer between two parabolic
states within a reaction coordinate are determined by three interconnected
thermodynamic parameters.
a2

ΔG G = λ + ΔG N / 4λ
`

Equation 2.1. Marcus equation of the thermodynamics governing electron transfer.
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Equation 2.2. Marcus equation for the probability of electron transfer.
The first, reorganization energy (λ), is the energy required to transfer the hydrogen
particle from the bottom of the reactant energy profile state (R) to the energy profile of
the acceptor state (P) (figure 2.2.). Once this activation energy requirement (ΔG‡) is met,
the reactant and product parabolas will be of equal free energy allowing transfer between
the barriers to occur. The inter-relationship of both ΔG‡ and λ is described in equation
2.1 under electron transfer formalisms. Their dependence on the total free energy change
for the process (ΔG°) has a net free energy equal to zero when the activation free energy
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equals λ/4, respectively(27). The probability of electron tunneling is treated as a rate
expression in equation 2.3.
For hydrogen atom transfer, the Marcus model must be modified from equation
2.2 using the formalisms derived by Kuznetsov and Ulstrup(28). Equation 2.4 describes
the tunneling probability required for hydrogen transfer under the modified Marcus
model used by Knapp et al. (23).
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Equation 2.3. Tunneling probability for hydrogen transfer using the modified Marcus equation as
described by Knapp et al. (23). This equation contains the Marcus terms (shown in square parentheses) as
described in equations 1 and 2 with the Franck-Condon term. The tunneling probability is determined from
the total sum of electronic, vibrational and nuclear reactant and product states along a reaction coordinate.
Please note that ν and w are the vibrational product of both reactant and product, respectively. These terms
have been ‘normalized’ according to their thermal position (Pν). | Vel| 2 and Evib describe the reactant and
product electronic overlap and vibrational energy components.
For the quantum mechanical tunneling of hydrogen, the Franck-Condon term is
paramount to determining tunneling probability for hydrogen transfer and understanding
the kinetic isotope effects therein. This term states that light particle transitions occur
only near heavy nuclear configurations in which the light particle energies match(28).
This principle is based on separating out the slow coordinates involved with protein and
solvent dynamics from the fast, quantum mechanical coordinates involved in hydrogen
transfer. This degenerate wave function overlap between donor and acceptor only occurs
at the ‘transition configuration’ (figure 2.3). This event results in the requisite energy to
reach the transition state (ΔG‡, free energy of activation, figure 2.2) and promote a
‘through barrier’ or tunneling process.

For the transfer of hydrogen or hydrogenic
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isotopes, the integrated Franck Condon term (equation 2.4b) allows the mass,
temperature factors to be separated and evaluated in terms of hydrogen tunneling factors.
Overall, the tunneling probability (equation 2.3) is governed by an isotope independent
and temperature dependent Marcus term coupled to the Franck Condon term which is
mass dependent (temperature independent in 4a and dependent in its integrated form)
while also reflecting the distance between donor and acceptor in the transfer coordinate.
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Equation 2.4. (a) Franck Condon terms representing the wave function overlap between donor and
acceptor as a function of mass (mH), frequency (ωH), and transfer distance from donor (Δr). - represents
the value of Planck’s constant over h/2 π (1.05457 x 10-34 a J s). (b) Integration of the Franck Condon
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of distance between donor and acceptor. In this equation, X = r x q mx ω x /- , where rx, mx and ω x
are the distance, mass and frequency for the gating coordinate.

The role of reorganization and reaction driving force have become essential components
in the attempt to deconstruct the role of environmentally coupled protein dynamics
required for proton abstraction within a full tunneling model (16, 18, 20). For this model,
the initial binding mode of the ternary complex for enzyme-bound substrate can undergo
further conformational sampling to a position optimal for catalysis, which is referred to as
pre-organization (29).

The optimization observed through pre-organization deals

predominantly with protein dynamics facilitating the best ground state conformer of the
enzyme-bound ligand. Similar to the near attack conformer (NAC) theory introduced by
T.C. Bruice(30, 31), ground state binding modes of substrates in enzymatic reactions
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governed by tunneling are evaluated based on wave function overlap relationships
between donor and acceptor modes along the transfer coordinate. The more efficiently
this Michaelis complex (E-S) is formed, the less the solvated protein environment will
have to ‘sample’ the donor-acceptor conformations directly affecting the probability of
reaching the transition configuration.
substrate (Michaelis complex)

As shown in figure 2.3 below, the enzyme-

has the ability to ‘tune’ the donor-acceptor distances to

reduce the re-organization contribution required to bring the reactant and product well
into a degenerate state. Within this transition configuration, donor–acceptor distances at
degenerate reactant and product states may require energy (weak interatomic
configuration) or may have too much energy (strong interatomic configuration) to
resemble the optimized equilibrium configuration. The reorganization term will reduce
for a binding configuration that approaches the distance associated between donor and
acceptor observed at the transition state (ΔG‡). Once the ligand binding position has been
achieved, reorganization characterizes the ‘fine tuning’ relationship of donor and
acceptor distances to attain the optimal degenerate energy (de Broglie wave overlap)
between enzyme-bound reactant and product states, respectively(24, 29, 32).

The full

tunneling model is completed with the reaction driving force (ΔG°) component. This
term illustrates the probability of achieving a vibrational state for a ‘through barrier’
process utilizing thermal activation of a nucleus along its reaction coordinate(32, 33).
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Figure 2.3. Reaction coordinate for a tunneling reaction displaying the distance dependence between
donor and acceptor within the transition configuration, denoted as ΔG‡ in figure 2.1, respectively.

Previous work by the Klinman group showed the Cα-H transfer for PHM
to occur through a tunneling mechanism(20). An interesting aspect of these results
showed Arrhenius pre-factor and activation energy of light versus heavy isotope
substitution to be both greater and smaller than expected(20). The authors concluded that
a high degree of conformational sampling (gating) was present allowing both light and
heavy isotopes to ‘tunnel’.

The current study probes deeper into the mechanisms
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underlying these observations by building on the previous work of Wilcox et al(4) and
Merkler et al.(5).
A further understanding of hydrophobicity in the role of N-acylglycine catalysis
was explored to better understand the equilibrium processes associated with substrate
binding and their effect on Cα-H cleavage observed in the steady-state. The following
study deepens the underlying relationship between protein dynamics and substrate
structure. For our analysis we used a series of non-conjugated, glycine-extended Nalkanes to study the primary kinetic isotope effects for Cα-H bond cleavage with
increasing chain length. Theoretical calculations were also performed to probe the nature
of ternary complex (E-S) behavior using Alchemical free energy perturbation (AFEP)
and equilibrium molecular dynamics simulations. AFEP is a molecular dynamics
simulation which allows the effect chain length has on the relative dissociation energy
from the PHM active site to be determined. The utilization of an active site, hydrophobic
pocket and a salt-bridge ligand coordination for substrate positioning in the PHM ternary
complex was suggested to be the mechanism, by which ‘tuning’ occurs. The conclusion
of this study gives new perspective to the role substrate structure has on preorganization
of the PHM reaction.
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Materials and Methods:
Materials
Morpholino-ethane-sulfonic acid (MES), sodium ascorbate, acetyl chloride,
propionic anhydride, butyric anhydride, hexanoic anhydride, octanoic anhydride,
decanoic anhydride, and cuprous nitrate were obtained from Sigma, ML, N-acetylglycine
(TCI, America), (98%) [α-2H2]-glycine was purchased from CDN Isotopes, Triton-X-100
(Fisher), bovine liver catalase (Worthington). Recombinant rat PAM was gift from
Unigene Laboratories, Inc. (Fairfield, NJ, see www.unigene.com).

All other

experimental reagents were purchased from commercial sources at highest purity grade
available and used without additional modification.
Synthesis of N-Acylglycines, including the α-Dideutero-Analogues
The N-acylglycines and the [α-2H2]-N-acylglycines were synthesized according to the
procedures of Wilcox et al.(4).

To a cooled solution of glycine or [α-2H2]-glycine

(0 C) and 1.2 equivalents of NaOH, one equivalent of the corresponding acyl anhydride
was added drop wise with stirring. The reaction was allowed to stir for an additional 3
hours with the temperature slowly rising to room temperature and the pH maintained at 78 by the manual addition of NaOH when necessary.

An acid extraction of the aqueous

phase into EtOAc (3X) was washed with brine then dried over anhydrous MgSO4.
Solvent was removed in vacuo, the product first recrystallized from a minimum volume
of hot ethyl acetate, and then precipitated with hexane to yield white crystals. The
synthesized N-acylglycines and [α-2H2]-N-acylglycines were characterized by 400MHz
NMR (details listed in the supplemental information).
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Steady State Kinetics Reaction Conditions
Reactions at 37.0 ± 0.1 °C were initiated by the addition of 0.12-0.18 μM PAM
(4-5 μL) into 2.0 mL of 100 mM MES/NaOH pH 6.0, 30 mM NaCl, 1.0% (v/v) ethanol,
0.001% (v/v) Triton X-100, 1.0 μM Cu(NO3)2, 5.0 mM sodium ascorbate, and (0.2 to 10
KM) N-acylglycine (or [α-2H2]-N-acylglycine).

The concentration of dissolved O2 under

these conditions was 217 μM(17). Initial rates were measured by following the PAMdependent consumption of O2 using a Yellow Springs Instrument Model 53 oxygen
monitor interfaced with a personal computer using a Dataq Instruments analogue/digital
converter (model DI-154RS). VMAX,app values were normalized to controls performed at
11.0 mM N-acetylglycine to account for differences in specific activity between different
lots of enzyme. Background O2 consumption rates were first determined without enzyme
and were subtracted from the rate obtained upon PAM addition. Ethanol was added to
protect the catalase against ascorbate-mediated inactivation(34) and Triton X-100 was
included to prevent nonspecific absorption of PAM to the sides of the oxygen monitor
chambers.
Determination the O2-Dependence of the Kinetic Isotope Effects
Preliminary experiments to determine which N-acylglycine expressed a kinetic
isotope effect were carried out at ambient O2 (217 μM) in a non-competitive fashion by
comparing the apparent kinetic constants for the protiated and dideuterated substrates, as
described above.
The O2-dependence of the kinetic isotope effects expressed by N-acetylglycine
was determined by the addition of 0.18 μM PAM into 2.0 mL of 100 mM MES/NaOH
pH 6.0, 30 mM NaCl, 1.0% (v/v) ethanol, 0.001% (v/v) Triton X-100, 1.0 μM Cu(NO3)2,
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5.0 mM sodium ascorbate, 2-50 mM N-acetylglycine (or [α-2H2]-N-acetylglycine) and
25-830 μM O2. The [O2] was varied within the electrode chamber by mixing different
proportions of N2:O2 gas within the headspace above the stirring reaction for 4 minutes.
The resulting [O2] was determined from percent saturation observed with the O2 electrode
compared to the ambient [O2] as a reference. Background O2 consumption rates obtained
before PAM addition were subtracted from those obtained after enzyme was added to
initiate the reaction.

Viscosity Dependence of the PAM-Catalyzed Oxidation of N-Acylglycines
An Ubbelolde viscometer (Industrial Research Glassware Ltd, Union, NJ) size 1B
was used to determine the relative kinematic viscosity (ηrel) of 100 mM MES/NaOH pH
6.0, 30mM NaCl, 1.0% (v/v) ethanol, and 0.001% (v/v) Triton X-100 (35). Ten trials
were performed in a temperature-controlled water bath, with viscometer and buffer
equilibrated for 10 minutes at 37 ± 0.1 oC. and the values averaged with corresponding
standard deviation. The relative kinematic microviscosity of 100 mM MES/NaOH pH
6.0, 30mM NaCl, 1.0% (v/v) ethanol, and 0.001% (v/v) Triton X-100 supplemented with
sucrose and measured as described for the non-viscogen control. The experimental,
relative kinematic micro-viscosities used were 1(control), 2.08, 3.69, and 5.33
centistokes. The ratio of control : viscogen buffer (η0/η) was used to compare the
VMAX/KM parameters determined for N-acetylglycine and N-decanoylglycine using the
rate of oxygen consumption as a probe. Macroviscosity was measured in a similar
fashion for both substrates using a Ficoll-400 solution (pH 6.0) to alter the macroviscosity of the reaction environment. The experimental relative kinematic macro-
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viscosity were 1 (control), 3.27, and 5.17 centistokes. Reactions at 37.0 ± 0.1 °C were
initiated by the addition of 0.12 μM PAM 100 mM MES/NaOH pH 6.0, 30 mM NaCl,
1.0% (v/v) ethanol, 0.001% (v/v) Triton X-100, 1.0 μM Cu(NO3)2, 5.0 mM sodium
ascorbate, N-acetylglycine or N-decanoylglycine and the desired concentration of
viscogen (sucrose or Ficoll-type 400). The VMAX,app values were normalized to 11.0 mM
N-acetylglycine without added sucrose or Ficoll-400.
Analysis of Steady-State Kinetic Data
Steady-state kinetic parameters (± standard error) were obtained by a KaleidaGraph™ fit of the initial velocity (v) vs. initial substrate concentration ([S]) to the
Michaelis-Menton equation (equation 2.5)
v = (VMAX,app[S])/(KM,app +[S])

(2.5)

where KM,app is the apparent Michaelis constant for the N-acylglycine at fixed [ascorbate]
and [O2] and VMAX,app is the apparent maximum velocity at saturating N-acylglycine and
fixed [ascorbate] and [O2]. Values for Values for the D(VMAX/KM)app and DVMAX,app were
obtained from the quotient of appropriate constants for the protiated N-acylglycine vs.
those obtained for the [α-2H2]-N-acylglycine substrate 1 .

Initial rate data generated to

determine the kinetic mechanism were fit to either a steady-state (equation 2.6) or
equilibrium preferred (equation 2.7) minimal kinetic mechanism using the ENZKIN
programs.
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Equation 2.6. Steady-state preferred Michaelis-Menton equation for bi-substrate reactions.
1

Please note, the magnitude of the KIE measured are a mixture of a primary and α-secondary effect
deuterium effect. Since the α-secondary effect will be negligible (~1.2) compared to the intrinsic primary
deuterium KIE (~10.6), the contributions of this KIE to our measurements are likely to be masked within
the error (≤12%).
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Equation 2.7. Equilibrium preferred Michaelis-Menton equation for bi-substrate reactions.
where AG is the concentration of N-acetylglycine, VMAX represents the maximal velocity
for the reaction at infinite concentrations of both O2 and N-acetylglycine, KM values for
either substrate are the Michaelis constant at saturating concentrations of the second
substrate, and KI, AG is the dissociation constant for N-acetylglycine at a zero [O2].
Kinetic parameters utilizing varying concentration of one substrate while the other
is held constant, for clarity it is important that these terms be introduced and defined:
KM,app,AG

= Apparent KM for N-acylglycine determined by varying
[N-acylglycine] at fixed [O2]
KM,app,O2
= Apparent KM for O2 determined by varying [O2] at fixed
[N-acylglycine]
KM,AG
= “True” KM for N-acylglycine determined at saturating
concentrations of each substrate
KM,O2
= “True” KM for O2 determined at saturating concentrations
of each substrate
KI,AG
= Dissociation constant for N-acylglycine
VMAX,app,AG
= Apparent VMAX at saturating [N-acylglycine] at fixed [O2]
VMAX,app,O2
= Apparent VMAX at saturating [O2] at fixed [N-acylglycine]
VMAX
= VMAX at saturating [O2] and N-acylglycine
(VMAX/KM)APP,AG = Apparent VMAX/KM for N-acylglycine determined by varying
[N-acylglycine] at fixed [O2]
(VMAX/KM)APP,O2 = Apparent VMAX/KM for O2 determined by varying
[N-acylglycine] at fixed [N-acylglycine]
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Predicted Docking Conformations of N-Acylglycines within the PHM Active-Site.
The initial coordinates of the reduced PHM pre-catalytic complex at 1.85 Ǻ
resolution were obtained from the Protein Data Bank (http://www.rcsb.org/pdb/, 1SDW)
(36). Poses were predicted using quantum polarized ligand docking (QPLD) to generate
high accuracy substrate binding modes utilizing molecular mechanics (MM) and ab initio
programs of the Schrödinger First Discovery suites, Glide(37) and Q-site(38) respectively
(39, 40). Initially, Glide is used to select five top poses using standard precision (SP)
mode. These ligand-receptor complexes are analyzed using the Q-site module where the
bound ligand for each selected pose is treated by ab initio methods to calculate partial
atomic charges utilizing electrostatic potential fitting within the receptor.

Displayed

within each pose the docked substrate is shown with respect to an active-site hydrophobic
pocket
Molecular Dynamics using NAMD and Alchemical Free Energy Perturbation
i.) Protein Minimization and Equilibration
The simulations used a 1.85 Ǻ resolution X-ray crystal structure of residues 43-356 of rat
PAM, the PHM catalytic core (PDB, 1SDW) with copper domains prepared as listed for
AFEP calculations. All molecular dynamics (MD) simulations used the program NAMD
2.6 with the CHARMM22 force field topology treatments for PHM, N-acylglycine, and
N-benzoylglycine (hippurate) (41-43).

A water box of 24490 molecules was treated

explicitly and parameterized using the TIP3P model, respectively (44). Minimization and
equilibration were both carried out under periodic boundary conditions to eliminate
potential surface interactions within the solvent box.

Long range electrostatic

interactions in this periodic system were treated using the Particle Mesh Ewald sum (45-
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47). The energy minimization protocol for the solvated PHM structure was performed
over five consecutive 20 picosecond steps; three NVT (constant number of particles,
volume, and temperature, though no pressure regulation) and two NPT (same as the NVT
ensemble with pressure regulation) ensemble steps, respectively (48, 49). First, in the
absence of Langevin dynamics which control pressure, the backbone atoms (C, N, and O)
of the PHM were frozen and the remaining portion of the system (including solvent) was
minimized over 10,000 steps. This was a non-backbone atom minimization. Next, the
backbone coordinates were released for minimization of all atoms frozen, followed by
another 10,000 step minimization. The final NVT ensemble equilibration step involved
heating the system with α-carbons constrained harmonically for 10,000 steps from
0→298.15 K. Next, an NPT ensemble was used to calculate system energetics for
system equilibration. The first equilibration step applied Langevin piston dynamics to
constrained α-carbons for system volume equilibration (10,000 steps). The final
equilibration repeated the previous step, with the release of all α-carbon constraints. The
next 100 picosecond step was an NPT-ensemble equilibrium calculation used to
determine the unperturbed geometry of the solvated PHM structure. In this step, the
Langevin temperature was set to 310.15 K and the relaxed geometry was attained.
Equilibration of the solvated PHM system was determined through the RMSD (root mean
square deviation) method. This value, shown versus time, represents spatial movements
of the PHM molecule within its solvated environment. Equilibration for the entire system
(PHM and water) was determined from flattening of this curve, indicating that motion of
PHM within solvent shows little motion from the starting coordinates of the PHM
(1SDW) crystal structure.
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ii.) Alchemical Free Energy Perturbation Method
The alchemical free energy perturbation method (AFEP) is ideal for the analysis
of this type of system as it is a direct probe of chain elongation effects on dissociation
energy of substrates from the PHM active site. AFEP is a molecular dynamics simulation
technique carried out within the NAMD (NAnoscale Molecular Dynamics) molecular
dynamics simulator used to predict the relative energy between two states in a system
(41, 50). This methodology is a dual topology hybrid molecule approach used to calculate
the free energy difference between two states. The direct transformation between the two
thermodynamic states is replaced by a series of transformations between non-physical,
intermediate states along a pathway. This pathway is characterized by a variable, referred
to as “coupling parameter”, λ, making the free energy a continuous function of this
parameter between A and B. The hybrid Hamiltonian of the system, which is a function
of the coupling parameter, which smoothly connects state A to state B, is evaluated as
shown in equation 2.8

Where

Equation 2.8. Expression for the hybrid Hamiltonian for a two state system
Where Ha is the Hamiltonian for the initial state, A, Hb is the Hamiltonian for the final
state, B, and Ho is the Hamiltonian for the atoms that are not modified during the
molecular dynamics simulation.
In order to determine the relative free energy differences between substrates,
alchemical free energy calculations were performed on the PHM containing bound
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ligand. The force field parameters for both CuH and CuM sites were determined by normal
mode analysis in the harmonic approximation. The Hessian was calculated for each Cucontaining (methyl-capped) fragment separately, by using Density Functional Theory
(DFT)(51). DFT calculations were performed with the B3LYP hybrid exchangecorrelation functional which included Slater, Hartree-Fock and Becke exchanges as well
as the correlation functional of Lee, Yang and Parr (LYP) (52-56). The effective core and
valence electrons within this ab initio treatment were determined with the split valence 613G* basis set. This is a modified valence double zeta basis set which is modified
containing a ‘polarization’ function to observe electronic distribution within a nucleus.
Equilibrium bond distances, bonding and bending force constants were obtained via
geometry optimization. The partial charges of the coppers were those of the formal
charges believed to exist based upon the hypothesized reaction mechanism and
designated Cu(I), respectively. The remaining molecular fragments (i.e. the bound O2,
Met-314, His-107, His-108, His-242, and His-244) used potential parameters from the
CHARMM22 force field while the glycine ligand used potential terms selected from the
CHARMM22 force field based upon likeness of chemical environment (43).

The free energy was calculated using equation 2.9:

Equation 2.9. Helmholtz free energy calculation (ΔA) for utilized for each ‘window’ (a) in the Alchemical
Free Energy Perturbation (AFEP) calculation, respectively. κB represents the Boltzmann constant, T is
temperature (Kelvin),while Ηb(r,p) and Ηa(r,p)are the Hamiltonians characteristic of states a and b,
respectively. <….>a denotes an ensemble average over configurations representative of the initial state, a.
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The ensemble averaging was performed over the a-th window.

In this system,

convergence was found to be optimal with the windows divided in intervals of 0.1 with
the endpoints being sampled every 0.05 to promote convergence. Per window, 10,000
molecular dynamics equilibration steps and 50,000 ensemble averaging steps were
performed. The alchemically permutated N-acylglycine substrates were N-decanoyl-, Noctanoyl-,

N-hexanoyl-,

N-butyryl-,

N-propionyl-

and

N-acetyl-,

respectively.

Specifically, N-decanoylglycine was chosen as state λ = 0 for each trial varying the final
permutated ligand state (λ = 1) to a shorter N-acylglycine derivative. For each ensemble,
over each window from λ=0→λ=1, a thermodynamic integration method averaged was
used to estimate Helmholtz free energy change. The variance over each ensemble
window was calculated in order to estimate the error of the derived values, respectively
(57).
Equilibrium Dynamics Studies of PHM-Substrate Complexes
Equilibrium dynamic simulations were performed for all N-acylglycine substrates
experimentally tested, as well as an N-benzoylglycine control. These experiments were
conducted to determine the validity of the Alchemical Free Energy Perturbation (AFEP)
results described above. Experimental set-up was identical to the final, unconstrained
NPT-ensemble that was used in the final protein equilibration step in simulation time
(100 ps) and temperature 310.15 K, respectively. The final aspect of the solvated PHM
equilibration step was an unrestrained NPT (constant pressure and temperature)
molecular dynamics simulation, performed over 1000 picoseconds, in which the relaxed
solvated PHM structure determined in the prior step was fully equilibrated using the NPT
ensemble, respectively. Through the analysis of the equilibrium conformations sampled
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by each substrate, unconstrained sampling could be compared with the substrate
permutation events observed in the AFEP methodology.

Each equilibrium dynamics

trial was performed using an NPT-ensemble analysis to calculate several total energy
values (TOTAL, TOTAL2, and TOTAL3). This was utilized to determine control for
errors in kinetic and potential energy term calculations over the 1 nanosecond simulation.
TOTAL is the total sum of kinetic energy and potential energy terms, TOTAL2 uses a
more highly conserved kinetic energy term for the ensemble calculation, and TOTAL3 is
similar to TOTAL2 though with decreased short-time fluctuations. The analysis of each
energy term allows anomalous state function calculation to be determined by whether the
values have large fluctuations from each other.

Results
Characterization of the Synthesized N-Acylglycines and [α-2H2]-N-Acylglycines.
[2H2]-N-Acetylglycine.

1

H-NMR (400 MHz, Me2SO-d6) δ1.791 (singlet, 3H,

CH3) δ8.093 (singlet, 1H, NH).

13

C NMR (100 MHz, Me2SO-d6) δ172.053 (C=O,

carboxylic acid), δ170.263 (C=O, amide), δ22.877 (CH3, methyl) mp. 205-207oC.
[1H2]-N-Propionylglycine. 1H-NMR (400 MHz, Me2SO-d6) δ0.907 (triplet, J = 7.6 Hz,
3H, CH3, n-alkylchain terminus), δ2.066 (quartet, J = 7.6 Hz, 2H, CH2, n-alkylchain
methylene linker), δ3.670 (singlet, 2H, CH2, α-glycine), and δ7.955 (singlet, 1H, NH,
amide).

13

C NMR (100 MHz, Me2SO-d6) δ174.455 (C=O, carboxylic acid), δ172.050

(C=O, amide), δ41.180 (CH2, α-glycine), δ28.815 (CH2, n-alkyl methylene linker),

δ10.222 (CH3, n-alkyl terminal methyl). mp. 122-124 oC.
[2H2]-N-Propionylglycine. 1H-NMR (400 MHz, Me2SO-d6) δ0.929 (triplet, J = 7.6 Hz,
3H, CH3, n-alkylchain terminus), δ2.071 (quartet, J = 7.2 Hz, 2H, CH2, n-alkylchain
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methylene linker), and δ8.009 (singlet, 1H, NH, amide). 13C NMR (100 MHz, Me2SO-d6)

δ173.940 (C=O, carboxylic acid), δ172.099 (C=O, amide), δ28.781 (CH2, n-alkyl
methylene linker), δ10.375 (CH3, n-alkyl terminal methyl). mp. 122-124 oC.
[1H2]-N-Butyrylglycine. 1H-NMR (400 MHz, Me2SO-d6) δ0.804 (triplet, J = 7.4 Hz, 3H,
CH3, n-alkylchain terminus), δ1.446 (multiplet, 2H, CH2, n-alkylchain methylene linker),

δ2.035 (triplet, J = 7.2 Hz, 2H, CH2, n-alkylchain methylene linker), δ3.675 (singlet, 2H,
CH2, α-glycine), and δ8.052 (singlet, 1H, NH, amide).

13

C NMR (100 MHz, Me2SO-d6)

δ172.461 (C=O, carboxylic acid), δ171.472 (C=O, amide), δ40.526 (CH2, α-glycine),
δ37.001 (CH2, n-alkyl methylene linker), δ18.610 (CH2, n-alkyl methylene linker),
δ13.520 (CH3, n-alkyl terminal methyl). mp. 69-70 oC.
[2H2]-N-Butyrylglycine. 1H-NMR (400 MHz, Me2SO-d6) δ0.717 (triplet, J = 7.4 Hz, 3H,
CH3, n-alkylchain terminus), δ1.379 (multiplet, 2H, CH2, n-alkylchain methylene linker),

δ1.950 (triplet, J = 7.2 Hz, 2H, CH2, n-alkylchain methylene linker), and δ7.953 (singlet,
1H, NH, amide).

13

C NMR (100 MHz, Me2SO-d6) δ172.594 (C=O, carboxylic acid),

δ171.548 (C=O, amide), δ37.070 (CH2, n-alkyl methylene linker), δ18.679 (CH2, n-alkyl
methylene linker), δ13.681 (CH3, n-alkyl terminal methyl). mp. 69-71 oC.
N-Hexanoylglycine. 1H-NMR (400 MHz, Me2SO-d6) δ0.794 (triplet, J = 7.6 Hz, 3H, CH3,
n-alkylchain terminus), δ1.240 (multiplet, 4H, (CH2)2, n-alkylchain methylene linker),

δ1.508 (multiplet, 2H, CH2, n-alkylchain methylene linker), δ2.086 (triplet, J = 6.8 Hz,
2H, CH2, n-alkylchain methylene linker), δ3.744 (singlet, 2H, CH2, α-glycine), and

δ8.049 (singlet, 1H, NH, amide).

13

C NMR (100 MHz, Me2SO-d6) δ173.333 (C=O,

carboxylic acid), δ172.137 (C=O, amide), δ41.237 (CH2, α-glycine), δ39.695 (CH2, n-
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alkyl methylene linker), δ35.727 (CH2, n-alkyl methylene linker), δ25.577 (CH2, n-alkyl
methylene linker), δ22.599 (CH2, n-alkyl methylene linker), δ14.556 (CH3, n-alkyl
terminal methyl). mp. 88-89 oC.
[2H2]-N-Hexanoylglycine. 1H-NMR (400 MHz, Me2SO-d6) δ0.771 (triplet, J = 6.7 Hz,
3H, CH3, n-alkylchain terminus), δ1.171 (multiplet, 4H, (CH2)2, n-alkylchain methylene
linker), δ1.409 (multiplet, 2H, CH2, n-alkylchain methylene linkers), δ2.021 (triplet, J =
7.5 Hz, 2H, CH2, n-alkylchain methylene linker), and δ7.988 (singlet, 1H, NH, amide).
13

C NMR (100 MHz, Me2SO-d6) δ172.682 (C=O, carboxylic acid), δ171.517 (C=O,

amide), δ35.080 (CH2, n-alkyl methylene linker), δ30.884 (CH2, n-alkyl methylene
linker), δ24.927 (CH2, n-alkyl methylene linker), δ21.948 (CH2, n-alkyl methylene
linker), δ13.875 (CH3, n-alkyl terminal methyl). mp. 88-89 oC.
[1H2]-N-Octanoylglycine. 1H-NMR (400 MHz, Me2SO-d6) δ0.732 (triplet, J = 6.4 Hz,
3H, CH3, n-alkylchain terminus), δ1.136 (multiplet, 8H, (CH2)4, n-alkylchain methylene
linker), δ1.378 (multiplet, 2H, CH2, n-alkylchain methylene linker), δ1.979 (triplet, J =
7.2 Hz, 2H, CH2, n-alkylchain methylene linker), δ3.600 (singlet, 2H, CH2, α-glycine),
and δ7.977 (singlet, 1H, NH, amide).

13

C NMR (100 MHz, Me2SO-d6) δ173.291 (C=O,

carboxylic acid), δ172.130 (C=O, amide), δ41.230 (CH2, α-glycine), δ39.737 (CH2, nalkyl methylene linker), δ35.773 (CH2, n-alkyl methylene linker), δ31.912 (CH2, n-alkyl
methylene linker), δ29.277 ((CH2)2, n-alkyl methylene linker), δ22.778 (CH2, n-alkyl
methylene linker), δ14.618 (CH3, n-alkyl terminal methyl). mp. 103-105 oC.
[2H2]-N-Octanoylglycine. 1H-NMR (400 MHz, Me2SO-d6) δ0.788 (triplet, J = 6.4 Hz,
3H, CH3, n-alkylchain terminus), δ1.200 (multiplet, 8H, (CH2)4, n-alkylchain methylene
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linker), δ1.466 (multiplet, 2H, CH2, n-alkylchain methylene linker), δ2.073 (triplet, J =
7.2 Hz, 2H, CH2, n-alkylchain methylene linker), and δ8.008 (singlet, 1H, NH, amide).
13

C NMR (100 MHz, Me2SO-d6) δ173.037 (C=O, carboxylic acid), δ171.670 (C=O,

amide), δ39.934 (CH2, n-alkyl methylene linker), δ35.359 (CH2, n-alkyl methylene
linker), δ31.518 (CH2, n-alkyl methylene linker), δ28.890 ((CH2)2, n-alkyl methylene
linker), δ25.496 (CH2, n-alkyl methylene linker), δ22.368 (CH2, n-alkyl methylene
linker), δ14.618 (CH3, n-alkyl terminal methyl). mp. 102-104 oC.
N-Decanoylglycine. 1H-NMR (400 MHz, Me2SO-d6) δ0.836 (triplet, J = 6.6 Hz, 3H, CH3,
n-alkylchain terminus), δ1.238 (multiplet, 12H, (CH2)6, n-alkylchain methylene linker),

δ1.479 (multiplet, 2H, CH2, n-alkylchain methylene linker), δ2.079 (triplet, J = 7.4 Hz,
2H, CH2, n-alkylchain methylene linker), δ3.702 (singlet, 2H, CH2, α-glycine), and

δ8.076 (singlet, 1H, NH, amide).

13

C NMR (100 MHz, Me2SO-d6) δ173.172 (C=O,

carboxylic acid), δ172.046 (C=O, amide), δ41.733 (CH2, α-glycine), δ35.678 (CH2, nalkyl methylene linker), δ31.920 (CH2, n-alkyl methylene linker), δ29.453 ((CH2)3, nalkyl methylene linker), δ25.806 ((CH2)2, n-alkyl methylene linker), δ22.725 (CH2, nalkyl methylene linker), δ14.511 (CH3, n-alkyl terminal methyl). mp. 113-114 oC.
[2H2]-N-Decanoylglycine. 1H-NMR (400 MHz, Me2SO-d6) δ0.673 (triplet, J = 6.0 Hz,
3H, CH3, n-alkylchain terminus), δ1.058 (multiplet, 12H, (CH2)6, n-alkylchain methylene
linker), δ1.313 (multiplet, 2H, CH2, n-alkylchain methylene linker), δ1.919 (triplet, J =
7.2 Hz, 2H, CH2, n-alkylchain methylene linker), and δ7.886 (singlet, 1H, NH, amide).
13

C NMR (100 MHz, Me2SO-d6) δ173.249 (C=O, carboxylic acid), δ172.080 (C=O,

amide), δ35.712 (CH2, n-alkyl methylene linker), δ31.962 (CH2, n-alkyl methylene
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linker), δ29.495 ((CH2)3, n-alkyl methylene linker), δ25.841 ((CH2)2, n-alkyl methylene
linker), δ22.759 (CH2, n-alkyl methylene linker), δ14.541 (CH3, n-alkyl terminal methyl).
mp. 113-114 oC.
Steady-State Kinetic Data
The (VMAX/KM)app for the PAM-catalyzed oxidation of the N-acylglycines at
ambient O2 exhibited a parabolic relationship with the increase in chain length (R =
number of carbon atoms in the linear acyl chain).

The (VMAX/KM)app increased over

200-fold as the acyl chain lengthened from R = 1 (N-acetylglycine) to 9 (Ndecanoylglycine), with the value from 510 ± 50M-1s-1 at R = 1 to (1.3 ± 0.08) × 105 M-1s-1
at R = 9, respectively (Fig. 2.4). The increase in the VMAX,app with chain length is only
~1.4-fold, while the KM,app displays a proportionally decrease as a function of R (~165fold effect) (table 2.1). This large increase in the (VMAX/KM)app at ambient O2 represents a
decrease in the N-acylglycine concentration required to half-saturate PAM complex at
217 μM O2 as described by the Michaelis-Menton equation. These data agree nicely with
that reported by Wilcox et al. (4).

70

CHAPTER 2: Substrate Pre-Organization in PHM
1.6e+5
1.4e+5

(VMAX/KM) (M-1s-1)

1.2e+5
1.0e+5
8.0e+4
6.0e+4
4.0e+4
2.0e+4
0.0

0

2

4

6

8

10

N-Acylglycine Chain Length (R)

Figure 2.4. The dependence of the VMAX/KM for the PAM-catalyzed oxidation of the Nacylglycines on the acyl chain length.
The primary deuterium kinetic isotope effect for the Cα-H bond cleavage for these Nacylglycines was decreased linearly as the acyl chain length increased, the D(V/K)app,AG
decreasing from 3.21 ± 0.31 at R = 1 to 1.24 ± 0.12 at R = 9, respectively (Fig. 2.5 and
table 2.1).

VMAX, AMBIENT O2

Name

R

(s-1)

Acetylglycine
Propionylglycine
Butyrylglycine
Hexanoylglycine
Octanoylglycine
Decanoylglycine

1
2
3
5
7
9

9.2 (0.3)
9.8 (0.3)
10.9 (0.4)
10.6 (0.2)
13.1 (0.3)
13.4 (0.2)

KM, AMBIENT O2

(VMAX/KM)ACYLGLYCINE, AMBIENT O2

(mM)

(mM-1s-1)

18.3 (1.6)
2.4 (0.3)
2.3 (0.3)
0.58 (0.05)
0.20 (0.02)
0.11 (0.01)

0.51 (0.05)
2.6 (0.3)
4.6 (0.6)
18.2 (1.5)
65.6 (6.1)
126 (8)

D

(VMAX/KM)ACYLGLYCINE, AMBIENT O2

3.21 (0.31)
2.94 (0.39)
2.28 (0.33)
2.13 (0.22)
1.61 (0.21)
1.24 (0.12)

Table 2.1. The Non-competitive Deuterium Kinetic Isotope Effect as a Function of NAcylglycine Chain Length. All values were determined at 217 μM O2.
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Figure 2.5. The Decrease in the D(VMAX/KM)app at Ambient O2 as the Acyl Chain
Length Increases for PAM Catalysis.
Minimal Kinetic Mechanism
The N-acylyglycine exhibiting the highest D(VMAX/KM)app,AG at ambient O2 was
N-acetylglycine, 3.2 ± 0.31 (table 2.1).

The minimal kinetic mechanism for N-

acetylglycine was determined by measuring the dependence of the D(VMAX/KM)app,AG as
a function of O2 concentration. Initial rate data were fit to the bi-substrate kinetic
equations representing either the steady- or equilibrium-state preferred mechanisms
(equation 2.6 and 2.7), respectively. The data best fit an equilibrium-preferred kinetic
mechanism for N-acetylglycine with σ values of 0.66(H) and 0.40(D) and variance values
0.44(H) and 0.16(D), respectively. By comparison, data fit to the steady-state preferred
kinetic mechanism had comparable σ and variance values though many calculated
parameters were negative and had high error suggesting a lack of significance for many
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of the terms.

The initial rate patterns for both N-acetylglycine and [α-2H2]-N-

acetylglycine displayed the unique graph patterns associated with the equilibrium ordered
kinetic mechanism:

the convergence of 1/initial rate versus 1/[N-acetylglycine] at

increasing [O2] in the second quadrant while the 1/initial rate versus 1/[O2] at increasing
[N-acetylglycine] intersecting at the abscissa (Fig. 2.6) (17,35,66). Furthermore, an
equilibrium random minimal mechanism is differentiated from equilibrium ordered as
the replot of (KM,AG/VMAX)app against 1/[O2] inserts at the origin (Fig. 2.6C) (17, 58).
The resulting kinetic parameters calculated from the equilibrium-preferred kinetic
mechanism along with the corresponding deuterium isotope effect data are shown in table
2.2.
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Figure 2,6. Primary and Secondary Plots for N-Acetylglycine (left column) and [α-2H2]N-Acetylglycine] (right column). Rows A and B display the Lineweaver-Burke plots
for varying [N-acetylglycine] and [O2]. Rows C and D represents the slope replots from
the plots shown in rows A and B.
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D

[1H2] N -acetylglycine

[2H2] N -acetylglycine

VMAX
(s-1)

24.9 ± 1.4

22.2 ± 1.4

1.1 ± 0.1

(VMAX/KM)OXYGEN
(mM-1s-1)

36.9 ± 1.9

18.7 ± 0.7

2.0 ± 0.1

15.2 ± 0.98

14.4 ± 0.7

1.1 ± 0.1

Parameter

KI,N -acetylglycine
(mM)

KIE

Table 2.2. Kinetic parameters for N-acetylglycine and [α-2H2]-N-acetylglycine from the
fit of the kinetic data to rate equation for the equilibrium-preferred kinetic mechanism.
The deuterium isotope effects for each relevant kinetic parameter (± standard error) are
also included.
Consistent with an equilibrium-ordered kinetic mechanism, the magnitude of the
D

(VMAX/KM)AG and D(VMAX/KM)oxygen terms are equivalent, within experimental error,

with the D(VMAX/KM)AG = 1.9 ± 0.23 (table 2.3) and D(VMAX/KM)oxygen = 2.0 ± 0.1 (table
2.2). Replot of the VMAX,app,AG vs. [O2] to determine the D(VMAX) (Fig. 2.7), yielded
VMAX values of 21.0 ± 1.6 s-1 for N-acetylglycine and 24.3 ± 2.0 s-1 for [α-2H2]-Nacetylglycine giving a D(VMAX) of 0.88 ± 0.097.

These values are in good agreement

with those obtained by a fit of the kinetic data to the rate equation for an equilibriumordered mechanism (equation 7): VMAX values of 24.9 ± 1.4 s-1 for N-acetylglycine and
22.2 ± 1.4 s-1 for [α-2H2]-N-acetylglycine with a D(VMAX) of 1.1 ± 0.1 (tables 2.2 and
2.3). 2
2

The VMAX,app at one fixed [O2] and the

D

(VMAX/KM)N-acetylglycine value had to be

determined from a replot of VMAX,app vs. [O2] because the rate equation for an
equilibrium-ordered kinetic mechanism is unsymmetrical.
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Figure 2.7. VMAX,app Replot for N-Acetylglycine (○) and [α-2H2]-N-Acetylglycine (□).
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[1H2] N -acetylglycine
VMAX/KM
(mM-1s-1)
SE

[2H2] N -acetylglycine
VMAX
VMAX/KM
(s-1)
(mM-1s-1)
SE

D

[Oxygen]
(μM)

VMAX
(s-1)

25

1.015

0.057

0.058

0.008

0.398

0.012

0.030

0.002

1.928

0.300

85

2.951

0.121

0.213

0.022

1.383

0.075

0.102

0.014

2.092

0.363

315

8.911

0.163

0.643

0.030

4.503

0.102

0.435

0.027

1.477

0.115

550

11.037

0.273

1.242

0.089

7.170

0.219

0.736

0.062

1.689

0.188

830

13.524

0.303

2.228

0.156

9.162

0.140

1.060

0.046

2.101

0.173

Mean

1.86

0.23

SE

(VMAX/KM)AG

SE

SE

Table 2.3. Apparent kinetic parameters for N-acetylglycine and [α-2H2]-N-acetylglycine
at different initial oxygen concentrations.
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It should also be noted, that the D(VMAX/KM)oxygen calculated from re-plot analysis
yielded a value of 2.5 ± 0.6 (Fig. 2.7). Further analysis of the D(VMAX/KM)AG parameters
are listed in table 2.3 and graphically in figure 2.8. As predicted for an equilibrium
ordered mechanism, these data show apparent terms for the D(VMAX/KM)APP,AG kinetic
isotope effect to be constant as a function of oxygen concentration.
dissociation constant for the N-acetylglycine substrate (KI,

AG)

Both the

were shown to be

independent of α-carbon deuterium substitution, displaying DKI,AG values of 1.1 ± 0.1 and
the aforementioned D(VMAX/KM) trends are completely consistent with an equilibrium
ordered mechanism (table 2.2)(59). The kinetic order for the sequential addition of
substrates to PAM was determined from primary and secondary re-plots (Fig. 2.6),
respectively.
According to Cook and Cleland, for a bi-reactant system the first enzyme-bound
reactant may be determined from the secondary plot trend (KM/VMAX versus 1/substrate)
which passes through the origin. Conversely, the second enzyme-bound substrate is
determined from the intersection patterns of the primary plot (1/rate versus 1/substrate)
existing at the origin, respectively (60).

From the plots listed in Fig. 2.6, the primary

Lineweaver-Burk (61) (double reciprocal/primary) plot of initial rate versus [oxygen] and
the secondary plot of slope (KM,AG/VMAX) versus 1/[oxygen] were observed to each
intersect at the origin, respectively.
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Figure 2.8. Replot of the D(VMAX/KM)AG vs. [O2].
Viscosity Effects
Values measured for both VMAX and VMAX/KM using the macroviscogen show no
deviation from controls for the oxidation of either N-acetylglycine or N-decanoylglycine,
respectively. Increasing the microviscosity with sucrose resulted in small decreases in
VMAX and KM for N-acetylglycine and N-decanoylglycine. However, the decrease in each
value for both N-acylglycines was proportional such that the (VMAX/KM)app,AG showed no
dependence on microviscosity (within the limits of error in the measurements).
Specifically, small decreases in VMAX (~2 fold) and KM,APP (~2.5 fold) are observed for
both substrates over the relative microviscosity range measured (2.07 Æ 5.33 ηrel).
Alterations in the active site microenvironment were observed to be chain-length
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independent as the VMAX/KM term for each substrate was equal and constant over the
relative viscosity range studied for both substrates with non-viscogen controls. This result
was a direct comparison of short and long N-acylglycine chain-length under diffusionlimited conditions. The results for the second-order rate constant of N-decanoylglycine
show little deviation from non-diffusion limited values toward theoretical values
consistent with a fully diffusion-limited process as determined through the StokesEinstein equation (62) (m =1, figure 2.9).
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Figure 2.9. The effect of the microviscogen (sucrose) and the macro-viscogen (Ficoll-400) on the
second order rate constant (VMAX/KM). Relative kinematic viscosities were collected using an Ubbelholde
viscometer to determine the viscogenic effect as a function of 100mM MES (pH 6.0) buffer solution
standards. Data was fit as the ratio of non-viscogenic control to varying experimental viscosities,
respectively.
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Chain Length Effect Under Saturating Oxygen Conditions
N -acylglycine (AG)

R

VMAX, SATURATING AG + O2
(s-1)

KM O2, SATURATING AG
(μM)

(VMAX/KM) O2, SATURATING AG
(mM-1s-1)

1
1
2
3
5
7
9

24.9 (1.3)
21.0 (0.9)
18.7 ( 0.4)
17.1 (0.7)
20.2 ( 0.6)
17.0 (0.3)
20.9 (0.6)

676.8 (70.1)
230 (30)
209 (11)
172 (20)
147 (14)
107 (7)
102 (11)

36.9 (1.9)
91.5 (12.0)
89.7 (5.2)
98.9 (11.9)
137 (13)
158 (11)
204 (23)

Substrate
N- acetylglycinea
N- acetylglycineb
N -propionylglycine
N -butyrylglycine
N -hexanoylglycine
N -octanoylglycine
N -decanoylglycine

Table 2.4. Kinetic parameters for (VMAX/KM)OXYGEN determined as a function of N-acylglycine chain
length. For N-acetylglycine (VMAX/KM)OXYGEN values were calculated from: (a) the equilibrium –preferred
equation or (b) saturating [N-acetylglycine] varying oxygen tension, respectively.
The values for (VMAX/KM)APP,O2 displayed a linear effect, increasing
proportionally with chain length (figure 2.10).

As shown in table 2.4, the

(VMAX/KM)OXYGEN increase from 36.9 ± 1.9 mM-1s-1 at N-acetylglycine (R=1) to 204 ± 23
mM-1s-1 N-decanoylglycine (R=9), respectively. Interestingly, the mean VMAX = 19.8 ±
0.7 s-1 for all N-acylglycine substrates studied at saturating concentrations of both
oxidizable substrate and oxygen, respectively.
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Figure 2.10. Magnitude of the (VMAX/KM)OXYGEN values measured at saturating concentrations of Nacylglycine substrate at ambient oxygen concentrations.
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Computational Chemistry
i.) Predicted Docking Conformations
As N-acyl chain length increases within the bi-substrate central complex in PHM,
increased interaction with a proposed hydrophobic pocket was observed. This interaction
becomes more apparent with increased N-acylglycine chain length. Hydrophobic pocket
residues appear to be Met 314, Met 208, Leu 206, and Ile 306, respectively. Of the
experimental panel of substrates tested, only N-acetylglycine was not shown to have any
interaction with this active-site, hydrophobic domain (figure 2.14). Within the PHM
active site, substrate orientation appears to be dependent not only on the interaction
between the terminal n-alkane chain and the hydrophobic pocket, but a second interaction
with the guanidino moiety of Arg 240 which forms a bi-dentate salt bridge with the
carboxy-terminus of each substrate, except N-acetylglycine. The latter observation is
consistent with the co-crystallized substrate, N-acetyl-diiodo-tyrosyl-D-threonine(63, 64),
though the postulated hydrophobic pocket has no literature precedence.
ii.)Equilibration, Alchemical Free Energy Perturbation (AFEP) and Equilibrium
Dynamics
The root mean square deviation values for all N-acylglycines and Nbenzoylglycine were all shown to converge to a constant value. The crystal structure of
PHM (1SDW) was resolved to 1.85Ǻ, respectively(36).

Therefore, this X-ray crystal

does not include the position of hydrogen atoms for the protein structure requiring their
positions to be determined through an equilibration process (see ‘protein minimization
and equilibration’). The RMSD values in figure 2.11 show a small degree of structural
distortion from original coordinates of approximately 1.6-1.8 Ǻ deviation. These values

82

CHAPTER 2: Substrate Pre-Organization in PHM
represent differences directly attributed to thermal fluctuations within the system and
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Figure 2.11. Converged root mean squared deviation (RMSD) values determined from equilibration of
the solvated PHM structure (1SDW) for glycine extended substrates.
For AFEP calculations, the thermodynamic plot of ΔG versus R shows that
relative dissociation energy (ΔGALCHEMICAL) increases as R decreases from 9 to 2. At R =
1, the ΔG values are 12 kcal/mole lower the R = 2 and 4 kcal/mol lower than R = 9, the
previous most stable conformation (figure 2.12). The decline in free energy versus chain
length indicates that increasing the hydrophobicity of short fatty-acid glycine derivatives
compared with N- decanoylglycine using the Alchemical FEP method, causes an increase
in the free energy required to decouple the ligand from the central (E-S-O2) complex.
Equilibrium dynamics display a drastically altered N-acetylglycine pose compared with
all other N-acylglycine substrates.
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Figure 2.12. Alchemical free energy perturbation (AFEP) versus N-acylglycine chain length plot. For
the above molecular dynamics (MD) simulations, relative free energies were calculated with Ndecanoylglycine treated as the initial state (λ = 0) with respect to shorter chain N-acylglycine substrates
(λ =1). Due to the ‘decanoylglycine-to-acetylglycine’ transformation appearing below the expected trend,
‘butyrylglycine-to-propionylglycine’ and ‘butyrylglycine-to-acetylglycine’ transformations were also
performed and plotted.
This NPT simulation attempted to observe the conformational sampling for each
substrate in the absence of an alchemical permutation (AFEP). Comparatively, over the 1
nanosecond

simulation,

N-acetylglycine

(R=1)

sampled

many

more

binding

conformations than any longer substrate, respectively. During this simulation, the Nacetylglycine molecule performed an inversion within the active-site consistent with
docking orientation poses predicted in Fig. 2.14. This phenomena was partially observed
during the AFEP studies, as the Arg240 salt bridge was not observed at λ = 1 for the
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‘decanoylglycine-to-acetylglycine’ AFEP-transformation, respectively.

The results

displayed sampling behavior identical to the AFEP simulation. For the other substrates,
the n-alkane chain position was modulated by the active-site hydrophobic pocket and the
extent of this interaction decreased proportional to chain length. It should be noted that
the N-benzoylglycine equilibrium dynamic (MD) simulation displayed no deviation in the
salt bridge between Arg240 and the carboxy-terminus of the glycine moiety.

The N-

benzoylglycine control displayed a constant Arg240, salt-bridge interaction, similar to N-

Helmholtz Free Energy (kcal/mol)

decanoylglycine for the entire molecular dynamics simulation, respectively.
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Figure 2.13. Equilibrium dynamic simulations were performed for all N-alkane glycine-extended
substrates tested experimentally, along with benzoylglyicne as a control(not graphed). These experiments
were conducted to determine the validity of the Alchemical FEP results, through the analysis of equilibrium
conformations sampled by each substrate, unconstrained compared to that observed in the Alchemical
methodology.

The Helmholtz free energy calculation for the equilibrium dynamics simulations showed
the energy differences as a function of chain length to be small over all total energy
ensembles (TOTAL 1-3) (Fig. 2.13). Also, the total energies calculated for the Nbenzoylglycine simulation were observed to be within error of the N-acylglycines
studied.

85

CHAPTER 2: Substrate Pre-Organization in PHM

N-acetylglycine

N-propionylglycine

N-butyrylglycine

N-hexanoylglycine

N-octanoylglycine

N-decanoylglycine

Figure 2.14. Predicted docking conformations of N-acylglycines within the PHM active site. Poses were
predicted using quantum polarized ligand docking (QPLD) to generate high accuracy substrate binding
modes utilizing molecular mechanics (MM) and ab initio programs of the Schrödinger First Discovery
suites, Glide and Q-site respectively. Initially, Glide is used to select five top poses using standard
precision (SP) mode. These ligand-receptor complexes are analyzed using the Q-site module where the
bound ligand for each selected pose is treated by ab initio methods to calculate partial atomic charges
utilizing electrostatic potential fitting within the receptor. Displayed within each pose the docked substrate
is displayed in relation to an active-site hydrophobic pocket. The hydrophobic pocket is displayed for
clarity as a translucent orange mesh with residues omitted to better contrast the n-alkane chain within this
region. Atom colors are red (oxygen), blue (nitrogen), grey (carbon), yellow (sulfur), and white
(hydrogen), respectively.
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Discussion
Minimal Kinetic Mechanism from Kinetic Isotope Effects
Addition of substrates has been shown to only occur following the reduction of
the two enzyme-bound coppers. The exogenous reductant delivers two electrons from
two one-electron oxidation steps converting ascorbate to semi-dehydroascorbate(65).
This is not included in the determined minimal mechanism as the reductant is believed to
completely dissociate from the active site following reduction with a ping-pong
mechanism (66-69) though the specific reduction for the enzyme has not been
established. The order of substrate addition to PAM was determined to be sequential
with the addition of N-acylglycine followed by di-oxygen to form the central enzyme
complex (E-S-O2).

The minimal kinetic mechanism describing substrate behavior was

determined to be equilibrium ordered (Scheme 2.3). This result is consistent with

E

k 1AG [AG]
k 2AG

E-AG

k 3O2 [O 2 ]
k 4O2

E-O 2 -AG

k5

E-(OH)AG-H 2 O

k7

E + PRODUCT

Scheme 2.3. Representative minimal kinetic mechanism for an ordered, sequential mechanism for
substrate binding to an enzyme.

previously detailed kinetic isotope effect studies with PAM, respectively (16, 17). The
rate expression for this minimal mechanism (Equation 10) is unsymmetrical (58, 70, 71),
resulting in dissimilar reciprocal trends for initial rate analysis as a function of varied
substrate (Fig. 2.6).

A signature of the equilibrium ordered mechanism are the

equivalent magnitudes of the D(VMAX/KM) values for N-acetylglycine and oxygen, 1.85 ±
0.86 (Fig. 2.8) and 2.0 ± 0.1 (table 2.1) respectively (17, 58, 72). This is due to k2AG
being much faster than k3O2[O2] at any [oxygen], respectively (17, 60). Therefore the
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kinetic isotope effect for this second order rate constant, are equivalent for each substrate
and can be reduced to the following expression:
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Equation 2.10. Detailed expression of the (VMAX/KM) kinetic isotope effect for an equilibrium ordered
minimal kinetic mechanism.
Therefore, the addition of N-acetylglycine to PAM is expected to bind in an equilibrium
fashion, such that its ‘off’ micro-rate constant (k2AG) is much greater than micro-rate
constants associated with VMAX, (k5) (Scheme 2.3) (17, 59, 60, 71). The experimental
evidence provided through the micro-viscosity studies (Fig. 2.9), show no structure
dependence on the (VMAX/KM)app,AG parameter for either N-acetyl- or N-decanoylglycine
under ambient oxygen conditions. Therefore, the ∼200-fold increase in catalytic
efficiency observed under these conditions could not be attributed to a diffusion-limited
or partially diffusion-limited process (table 2.1) (35, 62). This eliminates the possibility
that an equilibrium ordered mechanism for N-acylglycine addition to PAM changes to a
steady-state preferred mechanism as chain length increases (17). For a steady-state
ordered mechanism, the D(VMAX/KM)AG term would differ from the D(VMAX/KM)O2. The
former term would become dependant on the [oxygen], while the latter would remain
constant as a function of [N-acylglycine] causing the observed KIEs on the second-order
rate constant for each substrate to be different (71).
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Interpretation of the VMAX Isotope Kinetic Isotope Effect
The results for D(VMAX) (table 2.2) reveal that no transferable proton is available
in the rate-limiting step and suggests that hydrogen transfer is not involved in the ratelimiting step of substrate oxidation. These results are consistent with a model in which
the slow catalytic step is formation of a hydroxylating intermediate. In contrast, the
experimentally observed D(VMAX) values for the mono-functional domain (PHM) were
measured at ~1.5 (17, 72) in two separate studies, respectively.

This suggests a

difference between the bi-functional (PAM) versus the mono-functional (PHM) domains
in which the rate determining step involves a contribution from hydrogen transfer.
Further analysis of this phenomenon in PHM was studied with an ‘electron-transfer’
mutant, in which, a histidine ligand at the CuH domain was mutated to alanine (H172A)
(72, 73).
D

V MAX =
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Equation 2.11. Expression of the kinetic isotope effect on VMAX
The

D

(VMAX) values for the mono-functional His172Ala CuH-domain mutant were

escalated versus wild-type from ~1.5 to ~3.3, respectively (72). The increased D(VMAX)
values for wild-type and His172Ala PHM compared with those measured with PAM
suggest that Cα-H bond cleavage is more rate determining. Therefore compared to bifunctional PAM, the ratio of k5/k7 becomes smaller, accentuating the contribution of the
intrinsic net rate constant for bond cleavage within the D(VMAX) value of wild-type and
His172Ala PHM, respectively(71). The D(VMAX) term becomes a useful parameter to
equate mechanistic trends between PAM, PHM, and DβM since its consistently defined
for random or ordered as well as steady-state or equilibrium preferred sequential minimal
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kinetic mechanisms according to Equation 11 (58, 71). The D(VMAX) parameter for DβM
was observed in the presence of fumarate (an anionic mechanistic activator) to be within
error of unity, while increasing to ~2.5 at pH 6.6 in the absence of fumarate, respectively
(74).
Since the wealth of support for electron transfer from the CuH domain is
considered to follow Cα-H bond cleavage (16, 72, 75-77), one can interpret the
difference in the D(VMAX) values between mono- and bi-functional enzymes to originate
from the manner in which electron transfer follows Cα-H cleavage. Both bi-functional
PAM and DβM (with fumarate) have a slower rate of product release (17, 74) which
serves to couple the first irreversible step of Cα-H bond cleavage to a sequential electron
transfer step by increasing the k5/k7 term, providing a possible explanation for the absence
of a D(VMAX) value.

Therefore, the mono-functional wild-type and His172Ala PHM

allow the steps surrounding Cα-H cleavage, electron transfer and product release to be
uncoupled compared with PAM and DβM (plus fumarate).
This becomes a useful tool for elucidation of the rate determining step in the
mechanism of these proteins. From the PHM work, it can be suggested that Cα-H
cleavage is only partially rate determining since the largest D(VMAX) (H172A ≈ 3.3) (72)
value is far below that for the intrinsic net rate constant for Cα-H cleavage (Dk ≈ 10) − a
value constant for PAM, PHM, and DβM (17, 20, 78, 79). Furthermore, the uncoupling
of Cα-H bond cleavage from product release in PHM shows that the substrate
hydroxylation/product release steps appear to be rate limiting, not electron transfer. The
role of electron transfer from CuH appears to be a requirement for the homolytic cleavage
of the copperII-peroxo intermediate (CuII-OOH) to yield the reactive copper hydroxyl
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radical species (CuII-O·) necessary for radical recombination with the substrate α-radical,
respectively (16, 80). This mechanism agrees explicitly with the Klinman hypothesis,
while differs from the mechanism postulated by Chen and Solomons which have
hydroxylation followed by electron transfer, respectively (16, 75, 81).
Structure Dependence on Binding Mode
Limitations in the applicability of AFEP theory to PHM (Fig. 2.12) was observed
only with calculations containing the transformation to N-acetylglycine (R =1). The
cause of this anomalous behavior during the ‘decanoylglycine-to-acetylglycine’ trial can
be attributed to the configurational ensembles not having a large degree of the desired
overlap between states, providing requisite accuracy during the permutation(41).
Therefore, the increased substrate chain length (R = 2 Æ 9) is directly proportional to
increasing dissociation energies of substrate from the ternary complex (Fig. 2.12). Using
the AFEP method, the free energy versus chain length plot demonstrates that increasing
the hydrophobicity of the N-acylglycine substrate results in a proportional increase of free
energy required for ligand decoupling from the central (E-S-O2) complex.
This thermodynamic plot of ΔG versus chain length (R) shows that dissociation
energy (ΔGALCHEMICAL) increases as R decreases from 9 to 2. At R = 1, the ΔG values
were Δ12 kcal/mole lower the R = 2 and Δ4 kcal/mol lower than R = 9, the previous most
stable conformation (figure 2.12). These results are derived from the calculation of
AFEP values through a direct comparison with decanoylglycine (R = 9). Each substrate
is coordinated exactly the same in the central complex (E-S-O2) of PHM, altering only
the alkyl chain length. Taking these results in context with all other data, one can suggest
that the calculated trend in ΔGDISSOCIATION is true for each substrate (R = 9 Æ 2) in its
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ternary complex conformation. The thermodynamics can only comment on the relative
energy of a conformation once it has been achieved, while the kinetics describes the
probability of reaching that conformation.

Therefore, the increasing chain length

promotes alkyl-chain interaction with the proposed hydrophobic pocket adjacent to the
CuM domain (Fig. 2.14). The combination of kinetic and thermodynamic information
suggests that the resulting protein dynamics which result from this interaction allow the
bound substrate to more efficiently ‘sample’ conformer distances for optimal wave
overlap between Cα-H and Cu/O2.
This observation is most likely a result of an active site extremely well designed
to accommodate the spatial requirements for donor and acceptor wave overlap. The
decrease in the KIE with hydrophobicity (Fig. 2.5) suggests that environmentally coupled
tunneling phenomena become more efficient as the probability of optimal conformer
sampling is increased proportional to N-acylglycine hydrophobic pocket interaction (Fig.
2.14). The decreasing KM,APP for the N-acylglycine substrates with increasing chain
length suggests a more facile Cα-H bond cleavage component proportional to ligand
hydrophobicity. Therefore, the catalytic efficiency (VMAX/KM) of the n-alkane extended
substrates is increased while the rate of product release (VMAX) remains constant under
saturating conditions of each co-substrate. To account for (VMAX/KM), the chain length
dependence for ‘tuning’ of Cα-H and CuII-OO· wave functions suggest the optimal
overlap for acceptor and donor moieties can be regulated by both enzyme dynamics and
substrate structure. The constant VMAX value may suggest that a conformational change
may be rate-determining for product release.
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Previous work on PHM has suggested that both protium and deuterium nuclei in
N-benzoylglycine are able to tunnel, as shown by the AH/AD < kH/kD values (20). This
trend is indicative of an increased protein gating function responsible for the tunneling
reaction. The hallmark features of that study were the temperature-independent intrinsic
kinetic isotope effects above the semi-classical limit while primary kinetic isotope effects
displayed temperature dependence allowing deduction of a non-adiabatic full tunneling
model (20, 28). The equilibrium dynamics run for N-benzoylglycine show a constant bidentate salt bridge interaction with Arg240, though highly randomized movement of the
benzene ring in this substrate was also observed. The degree of heavy atom motions are
dictated by the magnitude of the AH/AT value (25) and are dominated by the FranckCondon gating term (Equation 4b) (32). Therefore, the dependence on distance between
donor and acceptor (Δr) become essential to defining this value. For N-benzoylglycine,
the AH/AD value is 5.9 ± 3.2; a very large value indicating a large degree of gating (20).
Comparison of the α-carbon donor position between both N-benzoylglycine and Ndecanoylglycine show very little difference in the orientation of these atoms over the
course of the MD simulation (see movie files). This suggests that a decrease in the
primary kinetic isotope effect for N-decanoylglycine must deal with the probability of
reaching this conformation. The VMAX/KM and KM values for N-decanoylglycine have
been observed to be 25-fold higher and 13-fold lower (more favorable) than parameters
measured for N-benzoylglycine (4). The role of Arg240 in protein gating has been
addressed with the Arg240Gln PHMcc mutant, with a 2-fold increase in KM and a 200fold decrease in VMAX (82). Results from this mutation suggest that this residue functions
to pose a geometrical constraint upon both the ligand and protein allowing the Franck-
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Condon gating dynamics to optimize donor-acceptor distances. An advantage for the
hydrophobic substrate appears to be an extra stabilization component used to reach the
transfer configuration by utilizing the hydrophobic pocket. Therefore, increased contact
points of the substrate to the enzyme appear to assist the frequency modulation between
both to achieve degeneracy more efficiently.
Evidence for conformational flexibility
Recently, evidence for low frequency conformational sampling was observed
experimentally (33, 83). The nature of the PHM-copper domains were explored using
structural techniques (differential scanning calorimetry (DSC) and X-ray crystallography)
to study CuM-SMet314 interaction within the CuM domain using the methionine 314
(Met314) to isoleucine (Met314Ile) mutant (83). Previous studies on this mutant showed
that the thioether interaction between the methionine 314 ligand and CuM were essential
to stabilize the reduced CuI state at CuM domain (84). Therefore, upon reduction, the
PHM : Cu stoichiometry fell below two as the reduced copper dissociated. The DSC
results displayed a decrease in thermostability for the oxidized Met314Ile-PHM mutant
versus the wild type structure(83). The difference in thermal denaturation (73°C-M314I
versus 75.9°C-wild type) was assumed to originate from the increased lability of bound
coppers, in the absence of the CuM-SMet314 ligand. Within this study, the crystal structures
for both reduced and oxidized Met314Ile PHM states were also solved. For the oxidized
structure, the release of thioether constraint on CuM displayed an unanticipated effect;
alteration of the CuH-domain geometry affecting histidine (His107) coordination. The
reduced crystal structure showed no bound copper in either CuM or CuH domains,
respectively.

These results suggested a dual structural and catalytic role for PHM
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function as both X-ray crystallographic and calorimetric studies point to a structural role
for the CuM site, in addition to its established catalytic function.

Since X-ray

crystallography studies have shown no deviation in structure between reduced and
oxidized PHM (36, 64, 83), EXAFS has been employed to better resolve the copper
ligand fields between oxidation states(33, 85). Results show CuM-SMet314 interaction to be
greatly perturbed by reduction with an increase in bond distance from an undetectable
distance (>2.5 Ǻ) to 2.27Ǻ (85).

The importance to low frequency heavy atom

movements was demonstrated by observing changes in CuM-SMet314 shell occupancy as a
function of pH (33). The shell occupancy in EXAFS is directly correlated to the DebyeWaller (DW) factor, which was used in Bauman et al.(33) to quantify conformational
mobility in the CuM domain, respectively. This study gave evidence for previously
unknown conformational transitions associated with CuM-SMet314 interaction following
reduction. Within the reduced state, the CuM-SMet314 DW factor showed pH dependence
for modulation, from a decreased "met-on" state to an increased "met-off" state. The pKa
for the PHM reaction and the pH dependence of the "met-off"→"met-on" transition were
both determined to be ∼5.9, respectively. This transition between reduced CuM-SMet314
sub-states was determined to be a global change in the protein structure as photoreduction at low temperatures (100 Kelvin, pH 5.1) did not yield the expected "metoff"→"met-on" transition (33). Since the "met-on" state was inactive, the conformational
mobility associated with the "met-off" state appears to serve as an indirect probe into the
essential role enzyme dynamics contributes to the reaction coordinate.
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Source of the Isotope Effect in Tunneling Reactions
As small perturbations in distance can substantially impact the probability of
hydrogen tunneling, as donor and acceptor undergo a close approach, the efficiency of
both protium(H) and deuterium(D) transfer is high and the measured KIE can be small.
Conversely, when the Δr increases the smaller wavelength of D leads to a reduced wave
function overlap for the heavy isotope, and the measured KIE can become enormous. As
distance increases, the shorter de Broglie wavelength attributed to D leads to a reduced
wave function overlap and the resulting KIEobs can become several orders of magnitude
greater than the semi-classical limit assigned to hydrogen transfer (~7), respectively. In
other words, the tunneling probability changes as a function of the distance between
donor and acceptor.
Application of Pre-Organization
The data and analysis within this study show the relationship of substrate structure
to reaction fidelity. Quantified theoretically with AFEP and experimentally with KIEs,
more favorable interaction of the increasingly hydrophobic substrates containing a
carboxy terminus, suggest that the Franck-Condon term can be refined as a function of
substrate structure to optimize a central complex for catalysis. If one considers the strong
inter-atomic configuration shown in Fig. 2.3, based on the present findings structurebased design appears well suited to yield a molecular structure having extremely close
donor-acceptor contacts with non-glycine extension.

This could serve as a novel

targeting strategy to develop higher affinity analogues of previously weak inhibitors.
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Conclusion
This study gives new perspective to the role substrate structure has on preorganization of the PHM reaction. The (VMAX/KM)AG increases as a function of chain
length due to an increased stabilization of the enzyme-bound ground state.

Substrate

recognition and ‘tuning’ appear to be of similar content within PHM. According to our
study, it can be concluded that hydrogen transfer steps are defined by both the
environmentally coupled motions as well as the substrate structure within the PHM active
site. The utilization of an active site, hydrophobic pocket and amino-acid salt bridge for
substrate positioning in the PHM ternary complex was suggested to be the mechanism, by
which, Cα-H activation became decreasingly rate determining. The role of the active site
hydrophobic pocket and Arg240 appear to ‘pre-organize’ the enzyme to contribute rate
promoting vibrations which assist the ‘through-barrier’ tunneling process.

The

decreasing KM,APP for the N-acylglycine substrates with increasing chain length suggests
a more facile Cα-H bond cleavage component proportional to ligand hydrophobicity.
Therefore, the catalytic efficiency (VMAX/KM) of the n-alkane extended substrates is
increased while the rate of product release (VMAX) remains constant under saturating
conditions of each co-substrate.

Future work
Transition state theory (TST) makes no prediction about how the transition state
structure and the free energy of activation therein depends on reactant structure(21).
Within TST, the location of the hydrogen species, within the transfer coordinate can be
defined at the transition state (TS) by the magnitudes of the primary KIEs for the event.
Therefore, hydrogen position can determine symmetry within the TS from the magnitude
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of the measured KIE. For hydrogen tunneling, KIEs are a function of both the deBroglie
wavelength and the extent to which donor and acceptor orbital overlap occurs. This
probability term is much more localized as the proton wavelength shortens and is usually
described in terms of a thermally activated vibration along the reaction coordinate (gating
interaction). Once the fluctuating system has attained the transition configuration, the
tunneling probabilities for the H and D species will be quite different (FC term, Equation
4b) and display an isotope effect on the activated process. Large secondary hydrogen
KIEs indicate that the motion of these adjacent atoms is coupled to the reaction
coordinate.

Correlating substrate structure to the primary isotope effect, a better

understanding for the role ground-state binding modes have on the probability of
vibrationally excited-state hydrogen transfer was generated from this molecule set. This
work may allow direct analysis of secondary isotope effects, well known to be a probe of
tunneling behavior, as Cα-H can be shown to decrease allowing secondary KIE values to
be deduced with increasing chain length (86-88).

Analogous Pre-Organization in DβM?
The hydrophobic pocket in PHM may have a similar function as an active-site
glutamine residue in DβM. This is an interesting result in light of the DβM studies
performed by the Kamichi group who show the 3,4-dihydroxybenzene moiety of
dopamine to have weak-force bonding with Gln369 (89, 90). The analogy to the Arg240
salt-bridge in PHM may be explained by the fumarate dependent activation (74). A
convincing hypothesis for the fumarate dependent activation has this anionic molecule
reducing docked phenylethylamine motion through weak bonding interaction with the
ligand’s primary amine. One manner to better understand similar binding features
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between these enzymes may be to study the N-acylglycines using a steered molecular
dynamics (91) (ex. NAMD) simulation.

This study would provide ligand binding

trajectories that would resolve the role of n-alkane hydrophobicity has on PHM activesite behavior as final docking conformation was achieved, defining the analogous
conclusions to DβM would be straightforward.
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Introduction
The role of oxygen activation in peptidylglycine α-amidating monooxygenase has
been the subject of much study[1-5]. The relevance of elucidating the entire oxygen
activation process within PAM and its mechanistic sibling, dopamine-betamonooxygenase (DβM), is important since they both regulate of vital physiological
events.

PAM catalyzes the formation of C-terminal carboxamides from their

corresponding C-terminal glycines[6-9]. Described in scheme 3.1, amidation reaction of
C-terminal glycine extended pro-peptides is considered to be a post-translational
modification and is the mechanism used to activate such important neuropeptides as
substance P and oxytocin[10-12]. The DβM reaction is responsible for the activation of
the neurotransmitter norepinephrine from dopamine[4, 13, 14].
Structures
PAM (E.C. 1. 14.17.3) is a bi-functional enzyme consisting of two heterodomains: Peptidylglycine α-hydroxylating monooxygenase (PHM) and peptidylglycine
amidoglycolate lyase (PAL).

Within PAM, the PHM domain has been the most

extensively studied, due to its structural and reaction homology to dopamine-βmonooxygenase (DβM)[13, 15]. As a result, both enzymes share a solvent filled active
site separating two essential, non-coupled copper atoms[16-18]. The PHM X-ray crystal
suggests that the two copper domains are as far as ~11 Ǻ apart [12, 19, 20]. Extended Xray absorption fine structure (EXAFS) analysis for DβM is in agreement with PHM
crystallographic data, suggesting that the coppers are greater than four angstroms apart
[21, 22]. It should be noted that 4 Ǻ is the critical distance for assembly of the coupled
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bi-nuclear μ-η2:η2 bridging geometry of copper with O22-[23]. Therefore, the great
distance between copper domains ( > 4.0 Ǻ) PHM and DβM suggest that the active-site
bound coppers behave completely as ‘non-blue’/type-II non-coupled mono-nuclear metal
ions.

Beyond crystallography, this has been independently verified by electron

paramagnetic resonance (EPR) and EXAFS studies[7, 16, 24, 25]. The wealth of
structural and electronic data have extreme value, aiding mechanistic resolution when
coupled with kinetic analysis [13, 26-28]. The reactions for both PHM and DβM involve
hydrogen atom transfer from a substrate/donor complex to an activated Cu/O species,
resulting in the stereospecific hydroxylation of pro-S α-glycine carbon and pro-R
benzylic carbon hydroxylation, respectively (Scheme 3.1a and 3.1b).
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Scheme 3.1a and 3.1b. Peptidylglycine α-amidating monooxygenase (PAM) and dopamine βmonooxygenase (DβM) reactions.

In addition to the monooxygenase domain of bi-functional PAM, the PAL domain
is a zinc, and recently discovered calcium and iron-dependent enzyme which catalyzes
de-alkylation of the α-hydroxyglycine PHM product to their corresponding amide and
glyoxylate products (scheme 3.1a) [29-31]. Precise details of the PAL mechanism have
yet to be fully elucidated, though it was broadly considered to catalyze a ‘zinc-hydrolasetype’ reaction, with removal of the substrate Cα-hydroxyl proton by an active site base
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that drove the formation of the glyoxylate aldehyde moiety [12, 32].

The iron-

dependence of this reaction was unexpected and is not well understood, though mutation
of a conserved tyrosine residue (Tyr 564) eliminates iron binding leading to full
inactivation [30]. It was determined that PAL activity resembled ureidoglycolate lyase
(UGL) (E.C. 4.3.2.3), as both enzymes catalyze a stereospecific dealkylation of (S)hydroxyglycine substrates[33, 34]. Unlike UGL, PAL contains a ZnII-FeIII complex with
a bridging phenolate (Tyr 564) essential to catalysis[30].

Previous studies that

reconstituted PAL with alternate metals (Co+2, Zn+2, Cd+2, and Mn+2) need to be
reevaluated in context of this charge-transfer (λ=530-570nm; tyrosinate-to-FeIII) complex
since several metals (Ca+2, Zn+2, and FeIII) are required for carbinolamide
dealkylation[30, 32]. The destination of exogenous metals to apo-PAL, therefore, cannot
be considered specific as since several binding sites are available during reconstitution.
Therefore by utilizing calcium, PAL may reveal a unique variation of the mixed-valent
dinulear complex detailed in purple acid phosphatase (E.C. 3.1.3.2.), making it an
intriguing metallohydrolase[35-38].
The key difference in the reactions catalyzed by PAM and DβM is the observed
lack of bi-functionality which prevents de-alkylation in DβM (scheme 3.1b). The May
group (Department of Chemistry, Georgia Institute of Technology) has lead the field
developing novel substrates and characterizing their distinct chemistry for both PAM and
DβM.

For

ketonization[42]

DβM

sulfoxidation[39],

oxidations

have

epoxidation[40],

been

reported.

selenoxidation[41],

The

analogous

and

substrate

functionalization for PAM is assumed, though of this group of oxidation reactions, only
sulfoxidation has been observed [39].

Interestingly, a number of novel DβM substrate
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analogues demonstrate a de-alkylation process similar to that observed with the bifunctional PAM. In DβM, N-dealkylation resulted directly from the monooxygenation
reaction

with

N-phenylethylenediamine

and

N-methyl-N-phenylethylenediamine

substrates[43]. Analogous reactions with PAM have also been observed, in which only
the PHM domain was utilized for PAL-independent N- and O-de-alkylation reactions.
Two examples include; benzylglycine and benzyloxy acetic acid which were oxidized to
the benzylamine and benzylalcohol species, with concomitant glyoxylate production for
both reactions [31]. For PHM and DβM, these de-alkylation reactions provide evidence
that bond scission results solely from the oxidation chemistry of their monooxygenase
domains. This similarity in de-alkylation chemistry provides an interesting framework to
study the mechanism of PAM catalysis [31, 39, 43, 44].
Reaction Mechanism and Model Studies
The species presumed responsible for hydrogen abstraction in the PHM and DβM
reactions are predominantly considered to be a copper-superoxo radical species[45]. To
date, this important intermediate has not been isolated in either enzyme. Therefore, the
modes of copper mediated dioxygen activation have been probed though computational
studies and model studies. Recent contributions from the Karlin group (Johns Hopkins
University, MD) have prepared end-on/η1 CuII-superoxo model complexes and shown
their ability to orchestrate both H-abstraction and oxidation chemistry[46-48].

This

advance was an exciting confirmation of the previous CuII-superoxo species solved from
the PHM crystal structure[19].

The characterization of a catalytically active

η1-CuII-superoxo species has been an essential result to this field. Prior to this, both η1
and η2 species had been prepared, though neither exhibited the propensity for both

108

CHAPTER 3: Mechanism of Substrate Hydroxylation
H-abstraction and oxidation chemistry[49-54]. A recent communication illustrated the
current paradoxical nature associated with H-abstraction and substrate oxidation. Therein,
a CuII-hydroperoxo within a ({tris(2-pyridylmethyl)-amine} ≡ TMPA) scaffold was
observed to catalyze N-methyl hydrogen abstraction from a dimethylamine derivative
(R-N(CH3)2) and oxidatively N-dealkylate to methyl amine derivative (R-NH-CH3) and
formaldehyde (H2C(O)) major products [46]. Although the characterization of the endon CuII-superoxo species was a critical advance to researchers in the non-coupled
binuclear copper-monooxygenase field, the aforementioned example shows that it can
not definitively exclude other Cu/O nucleophilic or oxidant species from additional
consideration. In the next sections, the present state of oxygen activation in PHM/DβM
mechanisms will be discussed.

Specifically, the CuII−superoxo species, both side-on

(η2) and end-on (η1), will be discussed versus high-valent copper-oxo nucleophiles
responsible for H-abstraction.
CopperII−Superoxo and High-Valent Copper-Oxo Species in PHM/DβM
The ‘Klinman’ and ‘Chen/Solomon’ mechanisms demonstrate the coppersuperoxo nucleophile for substrate activation (scheme 3.2). These mechanisms differ in
the initial coordination geometry of the dioxygen species to copper. At the time of their
publication, Chen et al. determined spectroscopic evidence for a side-on/η2 species from
model studies[50, 55].

This L3CuII−O2 species was predicted to have an

antiferromagnetically coupled singlet ground state as opposed to a closed-shell triplet
ground state, respectively [50]. The side-on copperII-superoxo was further concluded by
a QM/MM thermodynamic calculation to be the predominant species within the
PHM/DβM CuM domain compared with the end-on/η1 analogue [2, 23].
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evidence for the end-on/η1 species has been observed in the PHM crystal structure
(1.85Ǻ) warranting further study of this species as the nucleophile responsible for Cα-H
abstraction [56].

Both ‘Chen/Solomon’ and ‘Klinman’ mechanisms assimilate as an

end-on/η1 CuII-hydroperoxo species is predicted following Cα-H bond cleavage.
‘Chen/Solomon’

mechanism

involves

a

direct

hydroxylation

of

The
the

Cα-substrate radical, through a ‘water-assisted’ radical recombination reaction resulting
in the simultaneous reduction of the copper-hydroperoxo species and Cα-OH product
release.

By ‘water-assisted’, the authors refer to the effect coordination of an

environmental water molecule has on changing the side-on CuII−hydroperoxo to an endon moiety. This additional copper ligand is postulated to adjust the distal OH of this
complex much closer (~1 Ǻ) to the substrate-derived radical.

Conversely, the

CuII-hydroperoxo species in the Klinman mechanism is reduced through the intramolecular electron transfer from the CuH site yielding a CuII−O· radical via homolysis.
Radical recombination of substrate and Cu/O radical species produce in an inner-sphere
alcohol species. Hydrolysis of this intermediate in the subsequent step releases the
hydroxylated product.
The ‘Estrin’ and ‘Yoshizawa’ mechanisms put forth, instead of a copper-superoxo
species, a highly reduced copper−oxo species for substrate Cα−H bond cleavage. This
rival Cu/O hydrogen-acceptor species implies a mechanism which un-couples di-oxygen
reduction from substrate activation. This reaction is analogous to the ferryl oxidant
(FeIV=O) observed with cytochrome P450 during C−H activation, referred to as ‘CpI’
[57, 58]. Through hybrid QM/MM simulations, the CuIII−oxide/CuII−oxyl species was
determined to be thermodynamically preferred compared to CuII-superoxo and
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-hydroperoxo counterparts[57, 59, 60]. Both mechanisms propose an environmental
modification of the initial end-on/η1 CuII−superoxo species through coupling of an intramolecular electron transfer to the acquisition of two environmental protons to release a
water molecule. The resulting CuII−oxyl species is treated differently in the ‘Estrin’ and
‘Yoshiwaza’ treatments of the reaction coordinate. The ‘Estrin’ simulation is by far the
most computationally rigorous simulation of the theoretical models discussed. This
mechanism has a CuII-oxyl species predicted to exist with two unpaired electrons
ferromagnetically coupled to an unpaired electron delocalized within the CuM ligand
domain (Met314, His 107, His 108 ≡ L3·+), represented as [L3·+CuMIIIO]2+ or
[L3·+CuMIIO·-]2+.

With a quartet spin ground state of this complex, the H-abstraction

event was assumed to be concerted with hydroxylation of the substrate radical, though
substrate oxidation is accompanied by a spin inversion from the quartet to doublet ground
state. This event couples substrate oxidation directly with hydroxylated product release,
leaving the L3CuII to bind a water molecule to restore distorted tetrahedral geometry in
the oxidized, resting state.

The ‘Yoshiwaza’ mechanism calculated that the CuII −oxyl

species in its triplet ground state would be the most thermodynamically favorable species
for H-abstraction. The following substrate oxidation reaction undergoes a spin inversion
to yield an antiferromagnetically coupled singlet state to drive concerted H-abstraction
with substrate oxidation/product release.
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Scheme 3.2. Collection of mechanisms
postulated for the hydrogen abstracting and
oxidation reactions of peptidylglycine alphaamidating monooxygenase (and dopamine betamonooxygenase), respectively.
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Salient Mechanistic Characteristics
Of the four postulated mechanisms listed, a broader analysis of the substrate
radical oxidation step shows commonality between the ‘Chen/Solomon’[23, 61], ‘Estrin’
and ‘Yoshizawa’[59, 60] mechanisms.

These mechanisms are similar in that

‘free-product’ is released as substrate oxidation occurs, with no covalent interaction
between H-donor and Cu/O acceptor postulated for this process. Of the ‘free product’
mechanisms, the ‘Estrin’ and ‘Yoshizawa’ reaction mechanisms proceed through a
concerted Cα-H cleavage and substrate hydroxylation step.

This mechanism was

determined to contain an analogous catalytic regime to the cytochrome P450 rebound
mechanisms [62]. The ‘Chen/Solomon’ and ‘Yoshizawa’ mechanisms involve a direct
hydroxyl transfer from their respective copper/oxygen oxidant.

Conversely, the

‘Klinman’ mechanism is defined by an ‘inner-sphere alcohol product’. This species is
produced through a radical recombination reaction which is then hydrolyzed to yield free
α-hydroxyglycine product[3, 13]. The direct hydroxyl transfer reaction of the
‘Chen/Solomon’ and ‘Yoshizawa’ mechanisms are electronically very similar. Each
species displays a highly favorable, exothermic reaction. Following the spin inversion
process required for exothermic hydroxyl transfer, the CuII−OH species predicted in the
‘Yoshizawa’ mechanism transforms into an antiferromagnetically coupled singlet ground
state as substrate oxidation proceeds. Similarly, the CuII−hydroperoxo species proposed
by ‘Chen/Solomon’ has an antiferromagnetically coupled singlet ground state as the most
thermodynamically feasible oxidant.

Therefore, as the reaction coordinate proceeds

towards substrate oxidation/product release, the transition states of both ‘Yoshizawa’
‘Chen/Solomon’ species become super imposable (scheme 3.3).
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The ‘Klinman’ CuII−oxyl radical species is unique in that the reductive cleavage
of the copperII−hydroperoxo di-oxygen moiety results from an intra-molecular reduction
followed by homolysis to yield the active species. Unlike the ferryl (FeIV=O; CpI)
complex introduced, the copperII−oxyl lacks the strong electron delocalization into the
d−orbitals of the metal, instead this species can stabilize full radical character in the 2π*
orbital of the oxygen[61]. Therefore, the species could be characterized as either a
doublet or a quartet state. The ‘Estrin’ mechanism postulates a doublet as much more
thermodynamically stable than its corresponding quartet. To further understand this
reasoning, it is important to reiterate the mechanism by which the ‘Estrin’ CuII−oxyl
oxidant species is formed and how it differs from the ‘Klinman’ oxidant species. The
‘Estrin’ CuII−oxyl species depends on the delocalization of an electron among the copperdomain ligands to ferromagnetically couple with two unpaired electrons within the Cu/O
species. Therefore, the H-abstraction occurs in the quartet state, with a spin inversion to
the doublet state facilitating an iso-enenergetic oxidation reaction step. The ‘Klinman’
CuII−oxyl species forms without the spontaneous addition of solvent protons, instead the
CuII−superoxo species abstracts the substrate hydrogen to yield the CuII−hydroperoxo
species. The reduction of this species to the active CuII−oxyl radical species is prompted
by an intra-molecular electron transfer event followed by reductive cleavage of the dioxygen species by way of homolysis. This homolytic degradation suggests that the
CuII−oxyl radical species must exist as a quartet, with well-defined radical character on
the oxygen.
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Scheme 3.3. Degenerate electronic ground state structures of the CuII-hydroperoxo and CuII-hydroxyl
oxidant species proposed for direct substrate oxidation/product release. Please note, copper domain
residues were omitted for clarity. Refer to text for more detail.

Probing Substrate Oxidation through De-Alkylation
As discussed in detail in CHAPTER 1,

18

O kinetic isotope effects performed on

PHM and DβM offer valuable mechanistic information up to and including the O−O
cleavage step, respectively[58]. These are informative probes which can be coupled with
Cα−H/D kinetic isotope effects to postulate the hydrogen abstracting species, though
these heavy atom effects are independent of substrate oxidation and product release steps.
Therefore, during the substrate oxidation step, differentiation between each postulated
mechanism becomes complicated to isolate and distinguish in the absence of a suitable
reaction probe (scheme 3.2).
The hypothesis of this chapter was that using QM/MM methodology, an
experimentally well-defined substrate susceptible to oxidative de-alkylation would serve
as a novel probe to determine the Cu/O species responsible for substrate oxidation.
Therefore, this study initially involved the design of a novel PHM substrate able to
undergo PAL-independent dealkylation.

The substrate predicted was benzaldehyde
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imino-oxy acetic acid as an analogue to the well-studied PAM substrate,
N-benzoylglycine[27, 63, 64].

The imino-oxy moiety appeared to be a logical de-

alkylation candidate based on the in situ generation and ESR detection of imino-oxy free
radicals [65]. Therefore, following PHM oxidation the formation of an oxime radical and
glyoxylate seemed plausible as a de-alkylation scheme, similar to previously studied dealkylation structures, benzylglycine and benzyloxyacetic acid respectively [39].
Modifying the approach of the May group, the nature of the PAL-independent
de-alkylation of benzaldehyde imino-oxy acetic acid was analyzed kinetically to ensure
that the de-alkylation products released resulted exclusively from a non-enzymatic
pathway. Subsequently, a minimal kinetic mechanism for Cα−H cleavage as a function
of oxygen was determined for benzaldehyde imino-oxy acetic acid using primary
deuterium kinetic isotope effects as the probe[27, 63].

Studying the rate-determining

chemistry in the presence of a substrate selected for its oxidative instability has the
advantage of isolating previously obscure reaction steps present in PHM-dependent
Cα-glycine oxidation. To further study the substrate-radical oxidation, in silico analysis
using hybrid quantum mechanical/molecular mechanics (QM/MM) calculations were
performed on the proposed step within the reaction coordinate. Benzaldehyde imino-oxy
acetic acid was used to model ‘free-product’ generation versus the ‘inner-sphere alcohol
radical recombination’ mechanisms proposed in scheme 3.2.

In this study, the

experimentally determined product de-alkylation phenomenon became the probe by
which computation selects the copper/oxygen species responsible for substrate oxidation.
Therefore, the rich chemistry of this novel substrate allows the determination of whether
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or not a covalent bond is formed between Cu/O and Cα-glycyl radical species during the
substrate oxidation step of the reaction coordinate.
Materials
α-hydroxyhippurate, benzamide, benzaldehyde oxime, protiated and α-dideutero
bromo-acetic acid, hydroxylamine hydrochloride, along with benzaldehyde were
purchased from Sigma-Aldrich. Carboxymethylhydroxylamine was purchased from TCI.
Bovine liver catalase was purchased from Worthington.

N-dansyl-Tyr-Val-Gly was

purchased from Fluka Biochimika. All other reagents were of the highest quality
available from commercial suppliers.
Recombinant PAM
Soluble

bi-functional

recombinant

type

A

rate

medullary

carcinoma

peptidylglycine α-hydroxylating monooxygenase (E.C. 1.14.17.3) was over-expressed in
chinese hamster ovary cells and isolated from the spent media[66].
Synthesis of Benzaldehyde imino-oxy acetic acid
A method for imino-oxy acetic acid synthesis was employed for the isotopic
labeling studies. Benzaldehyde was converted to the corresponding benzaldoxime [67].
The 4.1mmole oxime was dissolved in 20ml of ddH2O and 5 equivalents of NaOH. The
reaction was stirred at room temperature for 45 minutes, after which 1.5 equivalents of
(α-H,H or α-D,D) bromo-acetic acid was slowly added in small increments to the stirring
solution of sodium benzaldoximate.

Upon completion the reaction as determined by

TLC (1:3 Hexanes:EtOAc), the reaction was acidulated with dilute HCl(aq), collected in a
Büchner funnel passing petroleum ether over the filtered solid to remove solvent from the
filtrate.

The white crystalline benzaldehyde imino-oxy acetic acid solid was re117
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crystallized twice with benzene-petroleum ether.

Compound purity was analyzed by

RP-HPLC (see ‘Intermediate Stability’ methods) and 1H and

13

C NMR. α-di-Protio

benzaldehyde imino-oxy acetic acid: 1H NMR analysis (250MHz, MeOD-d4) δ4.96
(singlet, 2H, CH2, α-methylene), δ7.66-7.87 (m, 5H, ArH), δ8.48 (singlet, 1H, H-C=N).
13

C NMR analysis (62.5MHz, MeOD-d4) δ171.841 (C=O, carboxylic acid), δ149.486

(C=N, imine), δ130.911 (Ar, C-1), δ129.188 (Ar, C-4), δ127.673 (Ar, C-3, C-5),
δ126.136 (Ar, C-2, C-6), δ69.325 (CH2, α-methylene), m.p. (93-94°C). α-di-deutero
benzaldehyde imino-oxy acetic acid:

1

H NMR analysis (400MHz, Me2SO-d6):

δ7.397-7.589 (m, 5H, ArH), δ8.302 (singlet, 1H, H-C=N).

13

C NMR analysis (100MHz,

Me2SO-d6) δ171.660 (C=O, carboxylic acid), δ150.455 (C=N, imine), δ130.865 (Ar, C1), δ129.502 (Ar, C-4), δ127.688 (Ar, C-3, C-5), δ125.644 (Ar, C-2, C-6), m.p. (9697°C).
Steady State Kinetic Oximetry
Initial rates were measured by following the PAM-dependent consumption of O2
using a Yellow Springs Instrument Model 53 oxygen monitor with a polarographic
oxygen electrode interfaced with a personal computer using a Dataq Instruments
analogue/digital converter (model DI-154RS) as previously described in McIntyre et al.
(2006) [68]. Rate of dissolved oxygen disappearance was used to determine steady-state
values using equation 3.1, as fit to Kaleidagraph™.
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Equation 3.1. Michaelis-Menton equation.
Reactions were performed under ambient oxygen conditions at 37.0 ± 0.1 °C
([O2] = 217μM). Reaction components consisted of 100mM MES/NaOH (pH 6.0),
30mM NaCl, 1% (v/v)EtOH, 0.001% Triton X-100, 10ug/ml bovine liver catalase, 1uM
Cu(NO3)2 and 5mM sodium ascorbate. In the presence of varying imino-oxy acetic acid
substrate, a background rate of oxygen consumption was subtracted from the
experimental rate initiated with PAM (80nM). Values for VMAX, app were normalized to
published values for 11.0mM N-acetylglycine.
Glyoxylate Stoichiometry
The stoichiometry of benzaldehyde imino-oxy acetic acid oxidation to glyoxylate
formation was determined at 37.0 ± 0.1 o C, 100mM MES (pH 6.0), 30mM NaCl, 1%
(v/v) EtOH, 0.001% Triton X-100, 10μg/ml catalase, 1μM Cu(NO3)2, 5mM sodium
ascorbate and 5mM benzaldehyde imino-oxy acetic acid with reactions initiated with
80nM PAM.

At specified time points, a 40μL reaction aliquot was removed and

quenched with 1% tri-fluoro acetic acid. Conversion of benzaldehyde imino-oxy acetic
acid to benzaldoxime was monitored by reverse phase high performance liquid
chromatography (RP-HPLC) with a Phenomenex C18-hypersil column using a mobile
phase of 65% 50mM KxPO4(pH 6.0), 30% MeOH, and 5% CH3CN flowing at 1mL/min
and signal detection at 248nm.

A standard curve for the rabbit muscle lactate

dehydrogenase (LDH) reduction of glyoxylate to glycolate was quantified by the
oxidation of NADH to NAD+ under experimental quenching conditions for the enzymatic
assay [69].

All experimental RP-HPLC samples were diluted to a constant
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benzaldoxime concentration of 48 μM (standard curve mid point) for glyoxylate analysis.
Glyoxylate containing samples were combined with 7.6 units/mL lactate dehydrogenase
in KXPO4 (pH 7.0), and 220 μM NADH was incubated for 1 hour at 37 ± 0.1 o C then
analyzed at A340 with a JASCO V-530 UV-VIS spectrophotometer.

The ratios of

[benzaldoxime] to [glyoxylate] production were represented as their respective mean ±
standard deviation calculated for each time point collected.
Product Characterization
A PAM reaction with 37.0 ± 0.1 o C, 100mM MES (pH 6.0), 30mM NaCl, 1%
(v/v) EtOH, 0.001% Triton X-100, 10μg/ml catalase, 1μM Cu(NO3)2, 5mM sodium
ascorbate, and 4mM benzaldehyde imino-oxy acetic acid (BIAA) was initiated with
360nM PAM and left to react for 20 hours. The reaction was diluted with 8mL of ddH2O
and extracted with EtOAc (20mL X 3), rinsed with brine and dried over MgSO4. The
product was isolated by flash column chromatography (EtOAc) and concentrated under
reduced pressure. To evaluate product purity and polar identity of the isolate a small
fraction of the proposed product was also separated for comparison with standards using
RP-HPLC analysis while the remaining sample was analyzed by 13C NMR.
HPLC conditions were as follows:

RP-

Phenomenex C18-hypersil column using a mobile

phase of 65% 50mM KxPO4(pH 6.0), 30% MeOH, and 5% CH3CN flowing at 1mL/min
and signal detection at 248nm.
Oxygen Stoichiometry
Amperometric analysis was used to correlate [benzaldehyde imino-oxy acetic acid] to
[oxygen] consumed during PAM catalysis.

The non-enzymatic background rates of

oxygen consumption (Fenton chemistry) were subtracted from rates following PAM
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initiation [70, 71]. The concentration of benzaldehyde imino-oxy acetic acid substrate
(20, 35, 75, and 100μM) was limiting (below 217μM ≡ [O2]) in all trials with reactions
performed at 37.0 ± 0.1

o

C, 100mM MES (pH 6.0), 30mM NaCl, 1% (v/v) EtOH,

0.001% Triton X-100, 10μg/ml catalase, 1μM Cu(NO3)2, 5mM sodium ascorbate with
experimental rates initiated with 1.95nM PAM.

The total concentration of oxygen

consumed as a function of benzaldehyde imino-oxy acetic acid concentration was
determined by subtracting the background slope from each point following PAMinitiation. The limit of this function represented the total consumption of substrate and
was calculated by fitting the linear portion of each function to equation 3.2 using
SigmaPlot 8.0.

The stoichiometry of [imino-oxy acetic acid] : [oxygen] was expressed

as the mean ratio ± standard deviation for the asymptote value (equation 3.2) for each
trial, respectively.
B

O x y g e n = m B tim e + b
C

Equation 3.2. Asymptote determination used to determine stoichiometric oxygen
consumption as slope (m) ≈ 0 and y-intercept (b) ≈ [Oxygen].

Stability of Putative α-Hydroxy-Benzaldehyde Imino-Oxy Acetic Acid
A competitive assay was developed to observe the kinetic stability of the putative
hydroxylated product postulated in the PHM-dependent oxidation of benzaldehyde
imino-oxy acetic acid. A

RP-HPLC

separation

for

N-benzoylglycine,

α-hydroxyl N-benzoylglycine, benzamide, benzaldehyde imino-oxy acetic acid and
benzaldoxime was performed using a Phenomenex C18-hypersil column using a mobile
phase of 65% 50mM KxPO4(pH 6.0), 30% MeOH, and 5% CH3CN flowing at a rate of
1mL/min, with signal detection at 248nm.

All reactions were performed at 37.0 ± 0.1
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o

C, 100mM MES (pH 6.0), 30mM NaCl, 1% (v/v) EtOH, 0.001% Triton X-100, 5mM

sodium ascorbate, and 5.75μg/mL bovine liver catalase, which were brought to a total
volume of 500μL.

Following initiation with 80nM PAM, 40μL aliquots were removed

and immediately quenched with 1% tri-fluoro acetic acid at each specified time point and
analyzed with RP-HPLC. The time point range, (including a zero time point) was 0.25
to 100 minutes collected over ten points in duplicate, respectively. For the experimental
rates, several concentrations of benzaldehyde imino-oxy acetic acid (3, 2, and 0.5mM)
were reacted in the presence of two concentrations of α-hydroxyl N-benzoylglycine (5
and 10mM). Control rates were determined by the rates of product formation from
benzaldehyde imino-oxy acetic acid and α-hydroxyl N-benzoylglycine independently at
each specified concentration and time point.

Rate analysis for each respective

concentration of benzaldehyde imino-oxy acetic acid and α-hydroxy-N-benzoylglycine
were monitored for a decrease in their relative rates of formation against controls. Please
note, standard curves for N-benzoylglycine, α-hydroxyl N-benzoylglycine, benzamide,
benzaldehyde imino-oxy acetic acid and benzaldoxime were prepared under assay
conditions with the slope from corresponding peak area values.
Non-competitive Isotope Effects
α-H,H-protiated and α-D,D-deuterated benzaldehyde imino-oxy acetic acid were
compared independently as a function of oxygen tension.

A working stock of

benzaldehyde imino-oxy acetic acid was weighed and dissolved into 10mM MES (pH
6.0), and calibrated by correlating the [oxygen] consumption to 20μM Benzaldehyde
imino-oxy acetic acid for both derivatives. Mixtures comprised of 100mM MES (pH
6.0), 30mM NaCl, 1% (v/v) EtOH, 0.001% Triton X-100, 5mM sodium ascorbate, and
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5.75μg/mL bovine liver catalase at 37.0 ± 0.1 oC were conditioned with varying
proportions of an oxygen and nitrogen mixture, with final [oxygen] determined versus
ambient oxygen saturation at 37.0 ± 0.1 oC; 217μM respectively[27].

To the chamber

headspace, between solution and electrode, the gas mixture was equilibrated above the
stirring solution over four minutes.
experimental

rate

initiation

Appropriate background rates were measured, with

using

4-5

μL

of

PAM.

Values

for

both

D

(VMAX/KM)BIAA,APPARENT and D(VMAX/KM)OXYGEN,APPARENT were attained through fitting

of the initial rate data to equation 3.1 using Kaleidagraph™, with the ratio of H/D plotted
as the mean isotope effect ± standard deviation. To allow for a more accurate statistical
fit of re-plot data, single point D(VMAX/KM)BIAA,APPARENT versus [oxygen] were estimated
in duplicate using benzaldehyde imino-oxy acetic acid substrate concentrations below the
KM,APPARENT values for each oxygen concentration.

This method allowed

(VMAX/KM)APPARENT to be estimated directly, as the observed rate/[substrate] at low
[substrate] concentration is expressed in the units of a second order rate constant, mM-1s-1
respectively (equation 3.3).

Estimation of D(VMAX/KM)BIAA,APPARENT was subsequently

performed from the quotient of protiated/deuterated substrate ± standard error,
respectively
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Equation 3.3. Manipulation of the Michaelis-Menton equation for single-point VMAX/KM estimation.
The plot of D(VMAX/KM)BIAA,APPARENT versus [oxygen] was fit to a hyperbolic curve and
analyzed through the least squares method, while the D(VMAX/KM)OXYGEN,APPARENT versus
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[benzaldehyde imino-oxy acetic acid] was described as the mean isotope effect ±
standard deviation. Both α-di-protiated and α-di-deuterated sets (which did not include
single point D(VMAX/KM)BIAA,APPARENT single point estimations) of data versus varying
substrate concentrations were analyzed separately using the program Enzkin and fit to
both equations 3.4 and 3.5 within the programs of Cleland[72].
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Equation 3.4. Steady-state preferred bi-reactant Michaelis-Menton equation.
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Equation 3.5. Equilibrium preferred bi-reactant Michaelis-Menton equation.
Rates from equations 3.3 and 3.4 are comprised of substrate concentrations;
benzaldehyde imino-oxy acetic acid and oxygen, the maximal initial velocity; VMAX,
Michaelis constants; KM,BIAA and KM,O2, and the dissociation constant for substrate A;
KI,BIAA.

Further data analysis of

D

(VMAX/KM)BIAA,APPARENT versus [oxygen] and

D

(VMAX/KM)OXYGEN,APPARENT versus [BIAA] trends were performed to extrapolate values

for

D

(VMAX/KM)OXYGEN,APPARENT

as

[O2]

D

(VMAX/KM)OXYGEN,APPARENT as [O2] → ∞ μM.

→
The

0

μM,

the

value

of

D

(VMAX/KM)OXYGEN,APPARENT as

[O2] → 0 μM values were determined through non-linear regression analysis fitting replot data to equation 3.6. The values for D(VMAX/KM)OXYGEN,APPARENT as [O2] → ∞ μM
were calculated

from the reciprocal expression

expression in equation 3.7, respectively[73].

124

of equation 3.6, shown with the

CHAPTER 3: Mechanism of Substrate Hydroxylation
h

B Ci
kfff
O
3f
2f
f
f
f
f
f
f
f
f
f
f
f
f
f
k
k2
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
h
B Ci
kfff
O
3f
2f
f
f
f
f
f
f
f
f
f
f
f
f
f
k
k 4 + k 5j1 +
k2
kfff
f
f
f
f
f f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
5H
h
+
B Ci
k 5D
kfff
O
3
2
k
k 5Hj1 + fffffffffffffff
k2
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
f
h
1+
B Ci
kfff
O
3
2
k
k 4 + k 5j1 + fffffffffffffff
k2

k 5Hj1 +

f

D

V
f
f
f
f
f
f
f
f
f
f
f
f
f
MAX
KM

g

=

BIAA,APPARENT

Equation 3.6. Replot data used to fit D(VMAX/KM)BIAA ,as [O2]→0μM according to [74],
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Equation 3.7. Replot data used to fit D(VMAX/KM)BIAA,APPARENT ,as [O2]→∞ according to
[74], respectively.
Quantum Mechanical/Molecular Mechanics Reaction Coordinate
A QM/MM reaction coordinate simulation for the PHM-dependent α-carbon
oxidation of a radical-substrate allows postulated copper-oxygen species to be evaluated
against the experimentally observed de-alkylation phenomenon. With the assumption that
the de-alkylation reaction of benzaldehyde imino-oxy acetic acid→benzaldoxime and
glyoxylate proceeds through an increase in RC=NO↔CαR bond length, a QM/MM
simulation was designed to observe the oxidation of this substrate. Specifically, the
observation of copper-oxygen (Cu→O) versus α-carbon-oxygen (Cα←O) bond lengths
changes were studied as a function of increasing imino-oxy – α-carbon (C=NO↔Cα)
bond length for each postulated species involved for hydroxylation of substrate α-carbon
radicals (scheme 3.2).
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The crystal structure of reduced peptidylglycine α-hydroxylating monooxygenase
(PHM) was acquired from the protein databank (1sdw.pdb, 1.85 Ǻ). All waters were
removed from the structure along with all occurrences of the co-crystallized peptide
ligand (IYT) outside of the active site[19, 20, 75]. The bond orders and charges were
then corrected on the co-crystallized protein structure. The copper atoms “atom types”
were designated as ‘CuI’, respectively. With no further energy minimizations of the cocrystallized protein structure, ProteinPrep was used to add hydrogens and perform a
restrained minimization.

The bounding box containing all ligand atoms was increased

from 10 Å3 (default) to 14 Å3.

The molecular oxygen was removed to prepare the

structure using the ProteinPrep wizard to prepare for the quantum polarized ligand
docking (QPLD) docking of benzaldehyde imino-oxy acetic acid. Poses were predicted
using the quantum polarized ligand docking (QPLD) module to generate high accuracy
substrate binding modes utilizing molecular mechanics (MM) and ab initio programs of
the Schrödinger First Discovery suites (www.schrodinger.com), Glide[76] and Q-site[77]
respectively [78-82]. Initially, Glide[76] was used to select five top poses using standard
precision (SP) mode. These ligand-receptor complexes were analyzed using the Q-site
module where the bound ligand for each selected pose was treated by ab initio methods
to calculate partial atomic charges utilizing electrostatic potential fitting within the
receptor.

QPLD was performed using default settings with receptor and van der Waals

scaling set to 1.0 and 0.8 respectively, except for the quantum mechanical level which
was set to “accurate” instead of “fast.” Pose selection was determined through the
rejection of poses exceeding the following selected values for root mean squared (RMS)
and maximum atomic displacement, 0.5 and 1.3 Ǻ respectively. Single-point energy
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determination was treated by the QPLD algorithm to determine the most energetically
favorable ligand pose with respect to the receptor. Glide was then used to re-dock the
ligand using each of the ligand charge sets previously calculated in Q-site[77].

To the

QPLD output pose with the benzaldehyde imino-oxy acetic acid substrate docked into the
PHM crystal structure, 3 Na atoms were added to neutralize (zero net charge) the system
along with the molecular oxygen using the coordinates from the original pdb. The
system was then solvated using the TIP3P water model (explicit solvation) and all waters
beyond 10 angstroms from the structure were removed.

The coordinates for the

protein/benzaldehyde imino-oxy acetic acid/Cu/O2 complex were then frozen and the
system was minimized for 3000 steps. Imposed constraints on the frozen atoms were
then released followed by another 3000 step minimization of the system. Alpha-carbons
were then constrained and O2 was frozen and the system was then heated from 100 – 200
degrees Kelvin over 20 picoseconds in 1 femptosecond time steps. Then the same thing
was done again from 200 – 310.15 degrees Kelvin over another 20 picosecond (ps).
Then one 50 ps equilibrium dynamics run was performed under constant pressure and
temperature (NPT) for volume equilibration of the system. The constraints were then
released on the alpha-carbons and the entire system equilibrated for 500,000 ps. It should
be noted that the O2 was frozen during the entire system equilibration because it was not
formally bound to the CuM domain and would therefore traverse the active site during
equilibration if its coordinates were not held constant. The final minimized structure of
the PHM-ligand central complex was attained through quantum mechanical treatment of
the CuM pocket while treating the remainder of the protein structure classically to yield
the correct final geometry. With all constraints released for this analysis, the QM/MM
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system calculations were intended to allow the solvated central complex to find its most
favorable and energetically minimized ground state structure. The resulting structure
obtained from this QM/MM initial minimization calculation was used with Q-Site[77] for
our reaction coordinate calculations.

For the QM portion of the calculation a spin

unrestricted hybrid density functional theory, with B3LYP (Becke-style-3-parameter
density functional theory with the Lee-Yang-Parr correlation functional) hybrid-exchange
functional with an LAVCP* (combination of 6-31G* and Lanl2Dz basis sets) to more
accurately define copper atoms using effective core potentials within the basis set [8386]. The molecular mechanics portion of the protein was treated with the OPLS_2001
force field of Jorgensen[87, 88]. Due to the presence of radical in the system, the
quantum mechanical region was treated with a spin unrestricted open-shell calculations
(UDFT).
There were two species of interest for study in the PHM oxidation reaction: The
copper-hydroxyl (CuII−OH) and the copper-oxyl radical (CuII−O·).

From the work by

Crespo et al. [57], it was determined that the CuII−OH species could be studied with
either the singlet or triplet spin state, while the CuII−O· species could be observed with
doublet or quartet spins. The CuII−OH species in the singlet spin state was previously
constructed by Crespo et al.[57]. Therefore, the CuII−OH singlet state (‘free product’)
was chosen to compare with the Cu-alkoxide species which was CuII−O· with quartet
spin (‘inner-sphere alcohol product’). Following the equilibration process described
above, CuII-superoxo species and the bound ligand were set to CuII−OH or CuII−O· and
benzaldehyde imino-oxy acetic acid α-carbon radical in the input file, respectively. The
quantum mechanical (QM) region was calculated using the Cu atom and domain residues
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(His240, His242, Met314), the metal-bound oxygen species (either OH or O·), and
benzaldehyde imino-oxy acetic acid Cα radical substrate. On this selection, a Q-site job
was run without coordinate constraints to determine the optimized starting point
geometry. The calculation was re-done with the oxygen species frozen and the Cα of
benzaldehyde imino-oxy acetic acid frozen to determine the energetic minima starting
point. Analysis of the reaction coordinate for substrate oxidation was determined through
the difference calculated from incremental increase in the distance between the copper
bound oxygen bond and the corresponding decrease in the Cα−O(H) bond.

The

coordinates determined for each change in reaction coordinate were re-frozen for those
two atoms and the energy calculated quantum mechanically. Results were visualized
using the Maestro[89]

Results
Reaction Stoichiometry, Product Identification and PHM Product Stability
13

C NMR product analysis shows a spectrum with similar chemical shifts to that

of the benzaldehyde imino-oxy acetic acid starting material, containing signature
aromatic and imine carbon shifts (represented A-E, 3.1). Though, corresponding to the Oacetyl moiety, the product spectrum was missing two carbon shifts at 171.8 and 69.3
ppm, respectively. The isolated product was observed to have a retention time of 12.4
minutes which differed from that observed for the benzaldehyde imino-oxy acetic acid
starting material, 6.0 minutes respectively, using the RP-HPLC conditions listed in the
methods section.
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Figure 3.1. 13C NMR analysis of PAM mediated benzaldehyde imino-oxy acetic acid catalysis. The
isolated sample was analyzed with a Varian 100-MHz instrument using (d3)-methanol as the solvent.

Product analysis was further analyzed using the modified lactate dehydrogenase
assay for the conversion of glyoxylate to glycolate (scheme 3.4) and RP-HPLC for
benzaldoxime, quantification of the glyoxylate : benzaldoxime ratio formed by PAM was
determined to be 1.05 ± 0.14 (figure 3.2).

Scheme 3.4. Spectrophotometric glyoxylate analysis used in tandem with C18 RP-HPLC for the
determination and dilution benzaldoxime concentration to 48μM, respectively.
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Figure 3.2. Determination of the PAM dependant ratio of formed products (oxime and glyoxylate) using
the imino-oxy acetic acid substrate. The concentration of the oxime product was determined for each time
point by RP-HPLC, the samples were then diluted to a constant concentration for spectrophotometric
glyoxylate analysis.

Using benzaldehyde imino-oxy acetic acid, the stoichiometry of PAM dependant
oxygen consumption with initial substrate concentration was shown to be 0.97 ± 0.06
(figure 3.3 and table 3.1).
120
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Table 3.1 and Figure 3.3. Stoichiometry of the enzymatic [oxygen] versus [substrate] consumption
measured below the ambient concentration of dissolved oxygen (217uM). Benzaldehyde imino-oxy acetic
acid was used in this experiment as the substrate.
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Stability of the Benzaldehyde Imino-Oxy Acetic Acid Oxidation Product
Following substrate oxidation via the PHM domain of bi-functional PAM, there
are two possible pathways for oxime product generation. The first, displayed in scheme
3.5 as ‘Catalytic Path A’, represents a stable α-hydroxy-benzaldehyde imino-oxy acetic
acid product which requires the PAL domain of bi-functional PAM to enzymatically
catalyze the benzaldoxime and glyoxylate product formation.

‘Catalytic Path B’

represents product formation from the PAM reaction to require only the oxidation step of
the monooxygenase domain of the bi-functional enzyme, PHM.

Under these

circumstances, the oxidation of the α-carbon would be followed by a PAL-independent,
chemical de-alkylation to yield products (scheme 3.5).
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Scheme 3.5. Representation of the two possible pathways for benzaldoxime and glyoxylate formation
following benzaldehyde imino-oxy acetic acid oxidation in the PHM-domain. Please note that ‘asc’ and
‘sda’ represents ascorbate and semi-dehydroascorbate, respectively.
Using initial rate kinetics, competitive dealkylation was used to probe the stability of the
proposed α-hydroxy-benzaldehyde imino-oxy acetic acid intermediate versus α-hydroxyhippurate, a known PAL substrate (scheme 3.5b).
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Scheme 3.5b. Experimental design to kinetically differentiate the two possible
degradation pathways for benzaldehyde imino-oxy acetic acid to its corresponding
benzaldoxime product following PHM-dependent oxidation.
A reverse-phase-HPLC separation of reactants and products for this experiment
(represented with figure 3.4) was used to calculate conversion of both benzaldehyde
imino-oxy acetic acid to benzaldoxime and α-hydroxy-N-benzoylglycine to benzamide.

Figure 3.4.

C18 -reverse phase high performance liquid chromatograph of (R/S)-α-hydroxy-Nbenzoylglycine, N-benzoylglycine, benzamide, benzaldehyde imino-oxy acetic acid, and benzaldoxime
using 65% 50mM KxPO4(pH 6.0), 30% MeOH, and 5% CH3CN flowing at a rate of 1mL/min, with signal
detection at 248nm.
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The rates of benzaldoxime formation observed in the presence of either 6mM or
10mM α-hydroxy-N-benzoylglycine compared with controls display rates which appear
undifferentiated over the range of benzaldehyde imino-oxy acetic acid and α-hydroxy-Nbenzoylglycine concentrations, respectively (figure 3.5).
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Figure 3.5. Time course for the PAM-dependent conversion of 3, 2, and 0.5 mM benzaldehyde imino-oxy
acetic acid to benzaldoxime in the presence and absence of α-hydroxy-N-benzoylglycine. Results were
calculated as a function of percentage conversion determined from RP-HPLC analysis.

Figure 3.6, displays the reciprocated effect shown in figure 3.5; the effect
conversion of benzaldehyde imino-oxy acetic acid to benzaldoxime has on the conversion
of α-hydroxy- N-benzoylglycine to benzamide.
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Figure 3.6. Resolved time course for the conversion of 6mM and 10mM α-hydroxy-N-benzoylglycine
to benzamide in the presence and absence of 0.5, 2, and 3 mM benzaldehyde imino-oxy acetic acid
(BenIAA), respectively.
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With respect to PAM dependant dealkylation rates, results suggest that benzaldoxime
versus benzamide formation display constant rates for both experimental and control
conditions which observed product formation separately as well in parallel.
Kinetic Isotope Effects
D

(VMAX/KM) analysis of BIAA oxidation show a decline in

D

(VMAX/KM)BIAA as

O2→0uM, while D(VMAX/KM)OXYGEN remains constant over the range of constant BIAA
concentrations (tables 3.2 and 3.3).

Table 3.2. Kinetic parameters for data in figures 3.7 and 3.8, respectively.

Table 3.3. Kinetic parameters for oxygen variation with benzaldehyde imino-oxy acetic concentration
held constant.

Data fit to the steady-state preferred mechanism (equation 3.4) had root square values
(σ) of 0.237 and 0.140 for protiated and α-dideuterated benzaldehyde imino-oxy acetic
acid, respectively.

Conversely, data fit to the equilibrium preferred mechanism
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(equation 3.5) displayed root square values (σ) of 0.236 and 0.156 for the protiated and
α-dideuterated species. The major difference in the statistical fitting of the data occurred
observing the average residual least square parameter, referred to as variance[72]. An
approximate ten-fold increase in this term was observed with the equilibrium preferred
mechanism, as compared with its steady-state preferred counterpart. The values for
protium and deuterium compounds increased from 0.0561(H) and 0.0230(D) from
equation 3.4 to 0.555(H) and 0.242 (D) in equation 3.5, respectively. This large increase
in the average residual least square (variance) term represents a greater deviation in error
between experimental rates (VEXP) and the predicted/optimized rates (VOPT). Kinetic
data fit to the steady-state preferred model (equation 3.2) displayed an increased
statistical significance based on their variance terms even though the square root (σ) are
statistically very similar.
The graphs of 1/rate versus 1/[BIAA] and 1/rate versus 1/[Oxygen] both show
intersections in the same quadrant, with a negative abscissa and positive ordinate when fit
to the steady-state preferred equation, respectively.

The extrapolated value of

D

(VMAX/KM)BIAA as[O2]→0uM was determined to be 14.65 ± 0.95 (figure 3.7) and the

D

(VMAX/KM)BIAA as [O2]→∞ was calculated to 1.01 ± 0.03 (figure 3.8).

136

CHAPTER 3: Mechanism of Substrate Hydroxylation
16
14

D

(V

MAX

/K )

M BIAA

12
10
8
6
4
2
0
0

200

400

600

800

[Oxygen] (μM)
Figure 3.7. Replot analysis of data represented in table 3.2 for the D(VMAX/KM)BIAA.
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Figure 3.8. Replot analysis of data represented in table 3.2 for the D(VMAX/KM)BIAA as[O2]→0uM and
D

(VMAX/KM)BIAA as [O2]→∞, respectively.

The non-competitive isotope effects for benzaldehyde imino-oxy acetic acid oxidation
range in magnitude from within error of unity for D(VMAX/KM)BIAA as [O2]→∞ deviating
from an aforementioned finite value as [O2]→0μM, ≈ 14.7 ± 1.0.

Table 3.4. Kinetic parameters determined from the steady-state preferred bi-substrate Michaelis-Menton
equation 3.4, respectively.
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The magnitude of the D(VMAX/KM)OXYGEN was calculated from equation 3.4 to a value of
5.78 ± 0.71 (table 3.4) . This value agrees with individually obtained experimental
values, showing a finite and constant value over several [BIAA] versus varying [oxygen]
of 4.69 ± 1.08 (figure 3.9, blue circles, O).

Figure 3.9. The dependence of [oxygen] on D(VMAX/KM)BIAA (BLACK) and the [Benzaldehyde iminooxy acetic acid] dependence on D(VMAX/KM)O2 (BLUE).
D

(VMAX) was also observed to be near unity at 0.84 ± 0.08 and the D(KI,BIAA) was

observed to have an isotope effect of 2.06 ± 0.52.

The KM,BIAA parameters for both

protiated and di-deuterated species were determined to have negative values with large
standard errors, suggesting this term may not be present due to lack of statistical
significance in that term[27, 72].
QM/MM Reaction Coordinate
The two species chosen for study were the CuII−OH (singlet) and the

·

CuII−O (quartet). The potential energy of the reaction coordinate for the CuII−OH
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singlet species, which was calculated as the difference in bond distance between the
Cα−O and Cu−OH bonds, displayed an essentially smooth increase in relative energy
from the starting point to a ‘saddle point’ value of +45.93 kcal/mol. Following this point,
the calculated energy of the reaction coordinate decreased to -25.98 kcal/mol. The
Cα←O bond lengths decrease 4.60 Ǻ to 2.80 Ǻ at the energetic ‘saddle point’, resting at
a final distance of 1.30 Ǻ, respectively. The CuII→OH bond lengths were observed to
increase over the reaction coordinate from 1.82 Ǻ through 2.81 Ǻ at the energetic
maxima,

to

4.08

Ǻ

at

the

energetic

minima,

respectively.

The

imino−oxy↔α−carbon bond lengths for benzaldehyde imino-oxy acetic acid was
observed to change 0.16 Ǻ over the reaction coordinate, from 1.36 to 1.52 Ǻ,
respectively. The sequence shown in scheme 3.6, represent the quantum mechanical
portion of the QM/MM study performed. The displayed poses correspond directly with
their respective steps in the figure 3.10, respectively. The substrate exhibits a constant
orientation of the carboxy-terminus of the benzaldehyde imino-oxy acetic acid substrate
until the step prior to the saddle point (+37.45 kcal/mol). Following this point, a coupled
rotation in the hydroxyl moiety and the carboxy terminus of the substrate is shown which
orients the substrate α-carbon essentially perpendicular to the approaching hydroxyl
group (scheme 3.6).
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Figure 3.10. QM/MM simulated reaction coordinate for the oxidation chemistry observed for the

benzaldehyde imino-oxy acetic acid Cα-radical oxidation with a singlet CuII-OH species (circles). The
squares represent de-alkylation distances observed for imino-oxy ↔ Cα bond lengths versus reaction
coordinate.
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Scheme 3.6. CuM domain for the PHM active site poses for benzaldehyde imino-oxy acetic acid
Cα-radical for the reaction coordinate corresponding to figure 3.10, respectively. Yellow encased
coordinate represents the energetic maxima. Atomic representations are carbon (grey), nitrogen (blue),
sulfur (yellow), oxygen (red), and hydrogen (white). Pleas note, the yellow bordered box represents the
energetic maxima for the reaction coordinate.
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The resulting reaction coordinate from the copper-alkoxide (CuII−O.) derivative
(figure 3.11) show the potential energy trend to be less ordered than that observed with
the cupric-hydroxyl species. Specifically, there is an energetic plateau midway to the
saddle point at ~28 kcal/mol, respectively. Following this, the ‘saddle point’ is observed
to be at +54.75 kcal/mol, which was +12.82 kcal/mol greater than the value observed for
the cupric-hydroxyl species reaction coordinate, respectively.

Although the potential

energy was observed to be greater for the cupric-oxyl radical species, the potential energy
versus reaction coordinate trend decreased dramatically faster than the cupric-hydroxyl,
respectively.

The cuprous hydroxyl potential energy versus reaction coordinate (RC)

decreased from +45.93 kcal/mol at RC = 0.014 to -25.97 kcal/mol at RC = 2.78 while the
cupric-oxyl

radical

decreased

from

+58.75

kcal/mol

at

RC

=

1.78

to

-9.68 kcal/mol at RC = 3.05, respectively. Therefore, the total change in potential energy
for each species was within error of each other for each species, 68.43 kcal/mol (CuII−O·)
and 71.90 kcal/mol (CuII−OH).
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Figure 3.11. QM/MM simulated reaction coordinate for the oxidation chemistry observed for the

benzaldehyde imino-oxy acetic acid Cα-radical oxidation with a quartet CuII-O· species (circles). The
squares represent de-alkylation distances observed for imino-oxy ↔ Cα bond lengths versus reaction
coordinate.
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Scheme 3.7. PHM active site poses for benzaldehyde imino-oxy acetic acid Cα-radical for the reaction
coordinate corresponding to figure 3.11, respectively. The yellow coordinate represents the energetic
maximum. Atomic representations are carbon (grey), nitrogen (blue), sulfur (yellow), oxygen (red), and
hydrogen (white). Please note, the yellow bordered box represents the energetic maximum in the reaction
coordinate.
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Substrate Dealkylation
The increase in imino−oxy↔α−carbon bond length for the copper−alkoxide species
(figure 3.11) was observed to be constant over the reaction coordinate until the energetic
‘saddle point’ was reached. It was here that the substrate bond length was dramatically
increased as compared to the effect observed studying the cupric-hydroxyl species,
ranging from 1.42 Ǻ to 2.91 Ǻ, respectively.

The corresponding poses for the quantum

mechanically treated region of the CuII−OH simulation showed very little change in
substrate orientation, with major functionalities of the of the benzaldehyde imino-oxy
acetic acid substrates (phenyl ring, imino-oxy, and carboxy termini moieties) remaining
constant with respect to starting points.

At the ‘saddle point’, an increase in−

imino−oxy↔α−carbon bond length was observed, a 1.44 Ǻ change in an RC = 0.306
increment with the final bond length change 1.54 Ǻ, respectively.
Discussion
De-alkylation is Non-Enzymatic
Oxidation of benzaldehyde imino-oxy acetic acid via PAM yields the
hypothesized benzaldoxime product, as determined by NMR (figure 3.1). The observed
13

C chemical shift represents a benzaldoxime species. This is expected, as lifetimes of a

benzaldehyde imino-oxy O-radical would be considerably short in an aqueous
environment. This product was shown to be released from the enzyme with an equivalent
and simultaneously formed amount of glyoxylate (figure 3.2). This result coupled with
the observed ratio of [oxygen]-consumed : [benzaldoxime]-produced showing a 1:1
stoichiometry give strong evidence for the tight coupling observed for DβM and PHM
using natural substrates (figures 3.3 and table 3.1)[3, 90].
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the rates of the PAL catalyzed α-hydroxyl-N-benzoylglycine → benzamide reaction were
observed to occur unperturbed in the presence of varying concentrations of benzaldehyde
imino-oxy acetic acid. Conversely, competing α-hydroxyl-N-benzoylglycine against the
benzaldehyde imino-oxy acetic acid → benzaldoxime reaction also displayed
independent product formation, respectively (figures 3.5 and 3.6).

This is strong

evidence that the de-alkylation of both substrates formed product independent of each
other.

Consequently, it suggests that the oxidative de-alkylation of benzaldehyde

imino−oxy acetic acid to benzaldoxime and glyoxylate require only the PHM domain of
bi-functional PAM and neither reactants nor products of this reaction interfere with the
PAL-dependent de-alkylation of α-hydroxyl-N-benzoylglycine.
Kinetic Mechanism
The minimal mechanism determined from primary deuterium kinetic isotope
effects show a very unique trend (figures 3.7-3.8).

Previous work with

N-benzoylglycine[27] and N-acetylglycine (refer to CHAPTER 2) show the deuterium
kinetic isotope effect for Cα−H bond cleavage displaying D(VMAX/KM) values for both
substrates to be equal and constant as tensions of the second substrate was altered. This
trend suggested that the kinetic order for substrate addition to PHM was oxidizable
substrate then oxygen, with an equilibrium-ordered minimal kinetic mechanism[91-93].
Comparison of equation 3.4 and 3.5, show that KM for the first bound substrate (KM,A[B]
term) is absent from the denominator of the equilibrium preferred mechanism. In this
case, since binding of the first substrate to the free enzyme (E) is in equilibrium, the
dissociation constant (KIA[B] term) is all that is required for this minimal mechanism,
with respect to the first bound substrate.

Evidence for steady-state minimal reaction
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mechanisms with respect to PHM, was observed when the residue tyrosine 318 is
mutated to phenylalanine, respectively [63].

Analysis of deuterium kinetic isotope

effects for a steady-state preferred minimal mechanism, will include KM for the first
bound substrate (KM,A[B] term) in the denominator, making this a more symmetrical
mechanism comparatively.

Therefore, the D(VMAX/KM) kinetic isotope effect observed

for Cα−H/D bond cleavage will (unlike the equilibrium-preferred mechanism) be
dependent on the concentration of the second substrate, respectively. The difference in a
steady-state ordered versus random minimal mechanisms determined through kinetic
isotope effects display D(VMAX/KM) values which approach unity as concentration of the
second substrate becomes infinite for the ordered versus non-unity limits for the random
case. The point mutation of tyrosine 318 to phenylalanine in PHM display D(VMAX/KM)A
(where A is N-benzoylglycine, respectively) values of 8.32 ± 2.32 mM-1s-1 as the
concentration of oxygen approaches infinity[63].

In DβM, the absence of the anionic

activator (fumarate) at pH 6.0 alters the steady-state minimal mechanism from ordered to
random [73, 94].
Kinetic isotope effect analysis of benzaldehyde imino-oxy acetic acid versus
oxygen concentration show a dramatic decrease in the magnitude of D(VMAX/KM) for
substrate Cα−H/D cleavage as a function of oxygen tension. Replots (figures 3.7 and
3.8) display D(VMAX/KM) for benzaldehyde imino-oxy acetic acid which range from well
beyond semi-classical values as [O2] → 0μM (KIE ≅ 14.7) decreasing to within unity as
[O2] → ∞, respectively.

The

D

(VMAX/KM) for oxygen remained constant over the

experimental range studied. This is a very clear example of a steady-state ordered
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mechanism with benzaldehyde imino-oxy acetic acid adding to PHM prior to di-oxygen,
respectively according to scheme 3.8.
E

k1BIAA[BIAA]
k2BIAA

E-AG

k3O2[O2]
k4O2

E-O2-BIAA

k5

E-(OH)BIAA-H2O

k7

E + Benzaldoxime

Scheme 3.8. Minimal kinetic mechanism determined for benzaldehyde imino-oxy acetic acid oxidation
as determined through primary deuterium kinetic isotope effects.
The dissociation constant for Benzaldehyde imino−oxy acetic acid showed a
normal isotope effect of

D

KD,BIAA = 2.06 ± 0.52 (table 3.4).

Conversely,

N−benzoylglycine has a reported inverse binding isotope effect which has been observed
in both PHM and PAM [27].

The effect of isotopic labeling on binding is usually

dismissed as negligible, though several systems have exhibited this phenomenon. For
example lactate dehydrogenase[95], hexokinase[96], thymidine phosphorylase[97], and
purine nucleoside phosphorylase[98] all exhibit binding isotope effects. The DKD,BIAA
suggests that there is likely a stringent vibrational contribution associated with ground
state activation/de-stabilization processes, such as geometric distortion, during
benzaldehyde imino-oxy acetic acid binding to the free enzyme. This result becomes
especially interesting for reactions governed by hydrogen tunneling, like PHM and
DβM[63, 64]. As discussed in the previous chapter, the distance between hydrogen
donor and the Cu/O acceptor can directly affect the probability of degenerate wave
overlap between each group and is sensitive to isotopic labeling[64, 99, 100].
Furthermore, CHAPTER 2 demonstrated a structural dependence associated with
degenerate wave overlap suggesting that geometric distortion of the substrate may
significantly contribute to the electronic/vibrational requirement for efficient substrate
‘pre-organization’.

Therefore, the presence of DKI,BIAA suggest that the PHM domain
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distorts benzaldehyde imino-oxy acetic acid geometry and that this phenomenon is
reduced in the presence of di-deuteration at the α-carbon, respectively.
The (VMAX/KM) kinetic isotope effect for benzaldehyde imino-oxy acetic acid
reduced with increasing oxygen concentration conditions due to a phenomenon referred
to as a ‘commitment’[93, 101, 102]. This term, introduced by Northrop and Cleland,
applies to the monooxygenase reactions of DβM and PHM as the rate of Cα−H bond
cleavage (chemical step) to the dissociation of the reactant from the central complex
(E-RCα-H-O2). The dominant enzyme form at infinite oxygen concentration becomes the
central complex.

Under steady-state ordered conditions, as di-oxygen concentration

approaches infinity, dissociation of the reactant (RCα-H) from the central complex does
not occur as the ‘commitment’ to the forward reaction also becomes infinite.
Conversely, the magnitude of the (VMAX/KM) kinetic isotope effect on benzaldehyde
imino-oxy acetic acid as [O2] → 0μM, has a ‘commitment’ that is dependent on the ratio
of the chemical step versus the dissociation of di-oxygen from the central complex
(scheme 3.8). Therefore, the predominant enzyme form will be the E-RCα-H ‘ternary
complex’ due to the diminishing micro-rate constant for di-oxygen insertion into the
central complex, k3[O2]. Due to their faster binding rate constants, glycine-extended
peptide substrates display minimal kinetic mechanisms that are not equilibrium-ordered
and instead characterized as steady-state ordered[26, 63]. This observation, taken in
context with current benzaldehyde imino-oxy acetic acid study suggest that the iminooxy moiety may facilitate a slightly altered binding motif, as compared to non-peptide
glycine-extended substrates. The details of this difference involve the manner in which
glycine-extended substrate dissociation occurs from the ternary complex, respectively.
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Dissociation constants for benzaldehyde imino-oxy acetic acid are much more favorable
than the values observed for N-benzoylglycine with wild-type PHM[27, 63]. While both
substrates show no appreciable kinetic isotope effect on VMAX these maximal rates
display an approximate six-fold decrease when benzaldehyde imino-oxy acetic acid is
used, respectively. This suggests that product release is slow compared to C−H cleavage
in this mechanism, justifying a DVMAX value equal to unity or much less than kH/kD
values. D(VMAX/KM) measured versus oxygen tension is the second-order rate constant
which measures all steps for oxygen associated with di-oxygen binding up to and
including the hydrogen abstraction step[26]. The constant magnitude observed suggests
that the di-oxygen activation step for Cα−H/D bond cleavage is dependent on the isotopic
character of the donor species.

The magnitudes of the D(VMAX/KM)OXYGEN are not

observed to extend beyond a semi-classical range for either substrate and shown to be
within two KIE units of each other. The VMAX/KM (s-1M-1) for oxygen is observed to be
~3.5 fold lower for protiated benzaldehyde imino-oxy acetic acid compared with
N-benzoylglycine[27].

For the results presented, this decrease in product release

(VMAX) for benzaldehyde imino-oxy acetic acid cannot be attributed to an uncoupling of
oxygen consumption to benzaldoxime and glyoxylate formation (see figure 3.2), nor can
it be explained through Cα−H/D substitution, as these are very similar to Nbenzoylglycine. Therefore, the only logical remaining step is that the imino-oxy moiety
is complicating Cα−O insertion into its respective Cα-radical species. This preliminary
conclusion sets benzaldehyde imino-oxy acetic acid de-alkylation in the minimal kinetic
mechanism as able to include no other micro-rate constant, other than k7.
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rate constant would be the slow step responsible for the irreversible conversion of the E-P
complex to free enzyme (E) and product from the oxidative de-alkylation process.

Substrate Oxidation and Product Release are Uncoupled
Quantum mechanical/molecular mechanical (QM/MM) reaction coordinate
simulations of oxygen insertion into the benzaldehyde imino-oxy acetic acid Cα−radical
using the experimentally determined de-alkylation process as a probe into the nature of
the Cu/O oxidant species. Following hydrogen abstraction from the substrate donor, the
‘Chen/Solomons’ mechanism postulate a direct pathway for substrate hydroxylation from
the homolysis and subsequent radical recombination of the copperII-hydroperoxo
intermediate (CuII-OOH) producing a cupric-oxyl radical (CuII−O·) and a hydroxyl
radical which recombines with the substrate derived Cα−radical to yield α-hydroxylated
product, respectively[23, 61]. The ‘Crespo’ and ‘Yoshizawa’ mechanisms for substrate
hydroxylation each involve the stabilization of a highly reduced copper-oxyl species for
hydrogen atom abstraction, followed by a concerted rebinding step analogous to the P450
reaction[57, 59, 60]. These three mechanisms are similar with respect to the manner in
which substrate derived Cα-radicals are functionalized.

Each of these mechanisms

directly transfers the hydroxyl moiety to product, prompting simultaneous release of
α-hydroxy product, respectively.

This concept can be considered a ‘free-product’

generation, as the nature of the copper/oxygen oxidant species would interact with the
substrate Cα-radical for only one step resulting in the simultaneous substrate oxidation
and product release, respectively.

Similar to the ‘Chen/Solomons’ mechanism, the

‘Klinman’ mechanism also utilizes a copperII-superoxo species for its hydrogen
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abstraction mechanism. Following this event, the release of the distal OH moiety of the
copperII-hydroperoxo species is released as water via an intra-molecular electron transfer
between the copper domains.

The subsequent copperII-oxyl radical forms an

‘inner-sphere alcohol’ or copper-alkoxide complex with the substrate radical.

This

mechanism adds a step to the product release event observed in the ‘free-product’
mechanisms, through the uncoupling of substrate Cα-radical oxidation from its
subsequent release as Cα-hydroxylated product.
The experimental design to differentiate these modes of product release was
probed computationally through QM/MM reaction coordinate simulation using an
experimentally determined de−alkylation event for mode selection.

The CuII−OH

(singlet) species was postulated to address the direct OH transfer and product release
characteristics detailed in the ‘Chen/Solomons’, ‘Crespo’, and ‘Yoshiwaza’ mechanisms.
The effect of direct product formation on the bond length of our de-alkylation probe was
negligible, suggesting that imino−oxy ↔ Cα bond dissociation would likely not occur
through this mechanism. Formation of the copper−alkoxide species (quartet) had a
dramatic effect on the structure of the de-alkylation probe, suggesting that the process for
substrate oxidation and product release must be completely uncoupled steps, and likely
pass through a copper-alkoxide intermediate (red coordinates, figure 3.12).
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Figure 3.12. Combined plot of QM/MM reaction coordinate simulation comparing the Cu-OH (singlet)

and the CuII-O· (quartet) species again bond distance for the benzaldehyde imino-oxy acetic acid dealkylation event, respectively. Please note, squares represent the distance change between the NO←Cα
bond distance while the circles signify Cu→O bond distance changes over the reaction coordinate. For
more detail, please see methods section.

Conclusion
Addressed in the introduction, this is an exciting time to study oxygen activation
filled with well defined copper−oxygen species. With Karlin, Solomon, Cramer and
Roth groups leading the field through elegant metal−oxygen model studies, precedence
for proposed species and definition of their rich chemistry are available becoming an
invaluable foundation to understand oxygen activation events as a function of protein
ligand environments[1, 48, 58, 103-107]. From the data presented, the benzaldehyde
imino-oxy acetic acid appears to be the only known example of a non-peptide, nonglycine extended substrate for PAM to display a steady-state ordered bi-reactant minimal
mechanism.

This mechanism has only been observed with glycine-extended
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substrates[26]. The tight-coupling of all reactants and products is consistent with all
glycine-extended substrate data collected, to date [90]. Benzaldehyde imino-oxy acetic
acid is an interesting substrate for PAM. It is mechanistically equivalent substrate to in
vitro glycine-extended peptides while also performing as a probe of the monooxygenase
domain (PHM) within bi-functional PAM.

Design of the de-alkylation event based

solely on the oxidation chemistry of PHM, allowed the nature of substrate oxidation to be
studied. The strong mixture of both, in vitro and in silico experimentation has revealed
that direct hydroxyl insertion into the Cα-radical of benzaldehyde imino-oxy acetic acid
is unlikely.

This mechanism would likely prompt a complete uncoupling of

benzaldehyde imino-oxy acetic acid radical substrate and a reduced oxygen species from
the PHM active site, as the substrate radical would resist conversion into a
thermodynamically unstable hemiacetal derivative.

Formation of the ‘inner-sphere

alcohol’ complex during benzaldehyde imino-oxy acetic acid oxidation is the only
mechanism that can account for the tight coupling while still displaying the ability to
non−enzymatically de-alkylate. Therefore, production of an oxidized copperII−alkoxide
intermediate complex would best facilitate the tightly coupled reaction characteristics
observed with respect to the de−alkylation process. This result provides evidence that
substrate

oxidation

in

PHM

occurs

through

a

covalently

linked

copperII−oxyl substrate complex. The O−de−alkylation observed for this reaction has
been predicted according to scheme 3.9.
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Scheme 3.9. De-alkylation reaction predicted for the CuII-alkoxide intermediate
formation with benzaldehyde imino-oxy acetic acid as the substrate.
Future Aspects to This Study
Our proposal that the ‘Cu-O·’species is the likely oxidant is based on the dealkylation characteristics unique to benzaldehyde imino-oxy acetic acid. The proposed
quartet spin state would be paramagnetic and therefore a detectable phenomenon by
either EPR (X-band or high field) or NMR techniques, to name a few. Detection of this
intermediate along the reaction coordinate coupled with previous kinetic isotope effect
studies would be a decisive result confirming present conclusions. With this intermediate
defined, the exact window for intra-molecular electron transfer could be estimated,
making the re-oxidation of half or all of the copper domains possible to be measured.
With general EPR methods, such as X-band, the intermediates present may be silent.
Though, beyond high field EPR or NMR techniques to trap transients, a novel area well
suited to elucidate the electron transfer event is protein ligation. Here, inteins would be
used to reconstruct the PHM active site with a radical trap substituted for a residue[108110].
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Introduction
The amidation of neuropeptide hormones is a ubiquitous post-translational
modification catalyzed by peptidylglycine α-amidating monooxygenase (PAM) and is the
rate-limiting step for bio-activation of glycine-extended pro-hormones (1, 2). The in vivo
localization of PAM is not solely restricted to neuroendocrine tissues, with high amounts
also found in atrial myocytes(3). Other sites for the tissue localization of PAM include
bronchial cartilage, smooth muscle cells, airway and olfactory epithelium(4), as well as
endothelial cells(1, 5). The oxidation chemistry for members of the non-coupled binuclear copper monooxygenase family, PAM and its sister enzyme dopamine βmonooxygenase(DβM), involve the pre-reduction of enzyme-bound coppers followed by
the sequential addition of both oxygen and oxidizable substrate to form the central
complex(6). The nucleophilic oxygen is activated through coordination to the reduced
active site copper, referred to as CuM (two histidines and one methionine). This copperIIsuperoxo species accepts the methylene hydrogen from the docked substrate followed by
di-oxygen cleavage of the copperII-hydroperoxo to yield water and hydroxylatedmethylene (PROH) products, respectively (scheme 4.1).
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SRH

E

ESRH

O2

H2O

PROH

ESRHO2 EPROH

E

Scheme 4.1. Kinetic order for PAM and DβM oxidation reactions. SRH and PROH
represent the unactivated alkyl substrate and oxidized product.
E, ES, ESRHO2, and
EPROH represent enzyme states present during the reaction coordinate from free enzyme
(E), ternary complexes (ESRH and EPROH), and the central complex (ESRHO2).
The reaction mechanism for both PAM and DβM appear super imposable,
though differences occur with the endogenous substrates functionalized by each. In vivo,
PAM oxidizes glycine-terminal peptide-prohormones(7) and (likely) corresponding fattyacids(8, 9) while DβM appears only to catalyze the oxidation of dopamine to
norepinephrine(6, 10). Consistent with other metallo-monooxygenases, these enzymes
broad in vitro substrate specificity has been observed.

From the heme-dependant

cytochrome P450 enzymes (11) through coupled and non-coupled bi-nuclear copper
enzymes tyrosinase/catechol oxidase(12) and DβM/PAM(13-18), each metallomonooxygenase appears to have the ability to functionalize non-natural substrates. The
oxidation of benzaldehyde imino-oxy acetic acid by PAM displayed several unique
reaction characteristics which warranted further study. The minimal kinetic mechanism
showed a sequential C−H bond activation that was dependent on the concentration of
oxygen. This was an intriguing trend which caused the rate-limitation of C-H bond
cleavage at low oxygen to be very large decreasing to unity as oxygen concentration
approached infinity. In addition, the product release step (benzaldoxime) was observed to
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result solely from a non-enzymatic O-dealkylation reaction that followed the
monooxygenase reaction of PAM.
Therapeutic Targeting of PAM
Highly specific inhibition of PAM appears to be a viable therapeutic target
because the overproduction of amidated peptides has been observed in a number of
disease states, such as adrenomedulin in androgen-independent prostate cancer (19).
Furthermore, amidated peptides such as substance P and calcitonin gene-related peptide
(CGRP) are also well-known moderators of inflammation(20, 21). As a result, PAM has
been implicated in chronic inflammation diseases such as Crohn’s disease and
rheumatoid arthritis (20).

Unfortunately, the targeting of PAM has been wrought by

the absence of a highly specific inhibitor (22-24) or delivery problems associated with
compounds which show nanomolar in vitro inhibition (25).

For example, in vivo

specificity of highly potent in vitro PAM inhibitors has been decreased as these
compounds coordinate to the enzyme-bound metals of other proteins(22). The sulfurmoiety of captopril displayed this trend,

inhibiting angiotensin-converting enzyme

(ACE) as well as PAM through zinc (ACE) or copper (PAM) interaction(22). A similar
result was observed in another study which predicted thiolate chelation of the active-site
CuH (copper domain composed of three histidine residues) for tiopronin and thiorphan as
the inhibition mechanism for PAM(23). Unfortunately, the PAM inhibition was nonspecific, as thiorphan also inhibits the metallo-enzyme neutral endopeptidase, and
tiopronin is prescribed as a metal chelator for both copper and mercury poisoning(23). A
different mechanism for highly efficient PAM targeting has been the development of
mechanism based inhibitors(5, 20, 26, 27). These compounds are substrate analogues

166

CHAPTER 4: Structure-Function of the Imino-Oxy Acetic Acid
which irreversibly inactivate an enzymatic reaction as a consequence of turnover, leading
to their common name as ‘suicide inhibitors’(28-31). To date, 4-phenyl-3-butenoic acid
(PBA) has been the most extensively studied mechanism based inhibitor of PAM (32,
33).

PBA is not an exclusively irreversible, mechanism-based inhibitor; as its

efficiency is measured through a partition ratio which describes the specificity for
inactivation compared with turnover or inhibition. PBA behaves as either a substrate or
inactivator for PAM, turning over ∼100 times per one irreversibly inactivated PAM
molecule (32). Currently, only oxidation metabolites are known and the actual
mechanism for PBA-dependant inactivation has not been experimentally determined
(figure 4.1).

PBA is a very promising inactivator, though for rationale design of next-

generation mechanistic-based enzyme inhibitors of PAM based on this scaffold, it is
imperative that key points of the enzyme reaction are well-understood. Such as, definition
of the rate determining step(s) (34), nature of radical intermediates/role of the olefin(35),
alteration in the natural kinetic order of substrate addition, and binding motifs as the
transition state for the reaction is reached.

These are necessary characteristics required

to quantify tissue-, species- and disease-specific mechanism-based inactivation between
PAM targets for design of the most selective therapeutic(36).
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Figure 4.1. Summarized from Driscoll et al. (32) displaying the oxidative metabolites of
from 4-phenyl-3-butenoic acid (PBA) oxidation. 2- and 4-hydroxy derivatives of PBA
were observed, though the inactivation species is currently unknown.

Theoretical Tools for Structure-Function Analysis
To de-convolute the unique chemistry observed for the imino-oxy acetic acids a
structure-function

analysis

was

used

to

explore

components

of

the

oxime

(C=N−O) moiety to determine their relationship with amide (C(O)−NH−) counterparts
observed in natural, glycine-extended substrates. To support this analysis, an in silico
treatment of these compounds was also carried out to observe electronic similarities of
these structures in their predicted binding orientation within PHM.

The following

sections will serve as an introduction to theory and terminology utilized for this study.
Molecular Electrostatic Potential versus Natural Bond Orbital Population Analysis
Molecular electrostatic potential (MEP) is an example of population analysis
based on electrostatic potential. MEP describes electronic distribution within a molecule
by calculating the differences in interaction energy between the nuclei to describe the
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potential energy surface (37, 38). The electrostatic potential depends directly on the
wave function and, therefore, converges as the size of the basis set and amount of
electron correlation is increased. MEP can be utilized for surface visualization providing
information about local polarity trends using a color coding convention, with the most
negative potential designated red and the most positive, blue. Therefore, these van der
Waals surfaces can be separated into regions of potential allowing trends in reactivity to
be analyzed.
Natural bond orbital (NBO) analysis differs from MEP as it is a population
analysis based on electron density(39).

NBO originated as a technique for studying

hybridization and covalency effects in polyatomic wave functions(40).

It was

implemented to obtain a deeper insight into the electronic structure of optimized
geometries. NBO analysis is based on a one-electron density matrix which defines
atomic orbital shape within its molecular environment, while molecular bonds are
determined from the electron density between atoms. NBO analysis provides an orbital
picture where wavefunctions closely correspond to localized bonds and lone pairs in
molecular structure.

NBO analysis transforms the delocalized many-electron wave

function into optimized electron-pair bonding units, corresponding to the Lewis structure
picture (41). The set of high-occupancy Lewis-type (bond, lone pair) NBOs, each taken
to be doubly occupied (two electrons), represent the ‘natural Lewis structure’ of the
molecule. Delocalization effects appear as weak departures from this calculated structure
as nonzero occupancies of non-Lewis NBOs. Therefore, non-Lewis occupancy becomes
a quantitative measure of electronic delocalization.
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Hyperconjugation
Although hybridization is a fundamental concept of electronic and molecular
structure, without high-symmetry molecular constraints, e.g. equivalent hybrid orbitals,
there lacks a formal basis to this chemical theory(42). For example, the prototypical
tetrahedron formed by an sp3 hybrid orbital has four matching sigma bonds which detail
equivalent bonds in the molecule. From the NBO localization method, hybridization can
be assigned to both atomic lone pairs and to each atom’s bonding orbitals, respectively.
With NBO analysis, the percent s- and p-orbital character in a hybridized orbital is
immediately evident from the coefficients of the atomic orbital (AO) from which the
NBO is formed. In addition, population analysis can be carried out using the NBOs to
derive atomic charges (natural population analysis, following sub-section).

This

introduces a critical concept referred to as hyperconjugation, which rationalizes the
chemical phenomena of filled-orbital – empty-orbital interactions.

This interaction

describes the delocalization of negative charge, whereby the electrons in the filled
orbitals are able to move partially into an unoccupied orbital.

NBO analysis is well

suited to quantify this phenomenon since the NBOs are not determined by diagonalizing
a Fock (or Kohn-Sham) operator(43, 44). The Fock matrix of the NBO basis will contain
non-zero off-diagonal elements (eigenvectors).

Second order perturbation theory

indicates that the values for these off-diagonal elements between filled and empty NBOs
can be interpreted as stabilization energies originating from hyperconjugative interaction.
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Natural Population versus Mulliken Analysis
Mulliken populations(45, 46) fail to give a useful and reliable characterization of
the charge distribution in many cases and are sensitive to changes in basis set size and
level of theory used(39). Conversely, populations determined with natural population
analysis (NPA) are intrinsic to the wavefunction, rather than to a particular choice of
basis orbitals, and are found to converge smoothly toward well defined limits as the wave
function is improved, with stable populations(47). Contrasting Mulliken populations,
natural populations exhibit constant values independent of basis set choice. A striking
similarity between Natural Population and Mulliken analysis methods describes the
occupation of individual orbitals rather than of spatial regions. It should be illustrated
that NPA orbital occupancies refer to the intrinsic natural atomic orbitals rather than to
basis atomic orbitals (Mulliken), thus facilitating orbital-by-orbital comparison of wave
functions calculated with different basis sets(40). Therefore, natural population analysis
represents the total electronic repulsions at a specific atom. This can be used to observe
trends in molecular charge distribution 1 .

Second Order Perturbation Theory
The

second

order

interaction

energy

(ΔE2ij)

represents

non-covalent

hyperconjugation effects associated with donor and acceptor orbitals(40). The
interaction energy originates from the influence an occupied Lewis orbital structure has
on an unfilled, anti-bonding orbital. The perturbative Fock matrix elements are related to
1

NPA is generally represented by the ‘natural atomic charge’ of an atom. This is the difference of nuclear
charge (Z) from the total electron population on that atom. The sum of natural charges over all atoms gives
the net charge of the system. This is zero for neutral compounds and increases or decreases with the
overall charge on a molecule.
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the shapes of the bonding and anti-bonding orbitals through the NBO counterpart of the
Mulliken approximation, NPA.

This allows the noncovalent energy lowering to be

described in terms of a generalized “principle of maximum overlap” between bonds and
anti-bonds as defined by Bent (48).

Bent’s Rule
Hybridization in the classical sense, involves spn, where n equals an integer 1
though 3, respectively. The spn notation is shorthand for the %s versus the %p character
of the hybrid.

For example, sp3 has 25%s and 75%p character or s1/4p3/4.

Bent

formulated that hybridization could be enriched to accommodate the electronegativity of
inequivalent bonding ligands(48). Thus, NBO analysis utilizes Bent’s rule to define n as
any value between 0 and ∞(42). This allows a working framework in which the mistaken
notion that n must always equal 1, 2, or 3 can be shed, allowing a more applicable and
quantitative definition of hybridization to be defined.

Precedence for NBO Analysis
In an insightful review, Weinhold discusses an elegant example of NBO analysis
to determine the origins for the internal rotation barrier of ethane(44).

Most organic

texts describe the rotation barrier of ethane originating either from the steric repulsion of
methyl hydrogens(49) or as a function of pz-orbital overlap using molecular orbital (MO)
theory(50).

The energy barriers displayed in figure 4.2, show that the staggered

conformation to be the most stable equilibrium geometry of ethane. Previous chemical
reasoning for rotamer selection has been called into question as steric repulsions have
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been challenged as the sole determinant in ethane rotamer selection (51-54). These
studies postulated that ethane requires hyperconjugation to fully explain the preference of
the staggered rotamer.
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Figure 4.2. Potential energy barrier for the C−C bond rotation within ethane. The
selection of the thermodynamically-favored rotamer (staggered) is specified with respect
to both steric repulsion and hyperconjugative stabilization models (top). Refer to text for
more detail.
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Hyperconjugative interactions between filled and unfilled orbitals define the
energy barrier for rotation. Previous consideration was never given to the C−H σ-bond
of the methyl groups, as they were assumed to be degenerate(50). Interestingly, NBO
analysis showed strong σCH delocalization into the adjacent σCH* orbital resulting in
increased hyperconjugative stabilization in the staggered conformation creating a partial
double bond character referred to as vicinal hyperconjugative stabilization. Work by
Goodman predicted hyperconjugative effects to dominate the selection of ethane
conformers(52-54) instead of steric repulsive forces (51).

This was an extremely

controversial and counterintuitive proposal within the molecular structure community,
making further calculations on the rotation barriers of ethane necessary.

Recently, Mo

and Goa calculate that, as predicted, steric repulsion predominantly decides rotamer
geometry, with moderate contributions from hyperconjugative stabilization (~30%)(55).
Therefore, the contribution of NBO to the analysis of ethane geometry is important as it
validates the concept of an anti-periplanar delocalization between σCH−σCH* orbitals.
This is a significant contribution to the steric repulsion theory because it adds greater
electronic detail to molecular structure preferences that determine the equilibrium
geometry in ethane (figure 4.2).

Structure-Function of the Imino-Oxy Acetic Acid
The hypothesis of this work was that all imino-oxy acetic acids derivatives of
glycine-extended substrate counterparts would be PAM substrates because the oxime
moiety is electronically analogous to an amide.

Building on the work introduced with

the benzaldehyde imino-oxy acetic acid, a variety of para-substituted and naphthalene
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containing acetophenone and benzaldehyde imino-oxy acetic acid derivatives were
synthesized and tested for PAM activity. The structural dependence was further probed
using primary kinetic isotope effects with two of these compounds (acetophenone and βnaphthaldehyde imino-oxy acetic acid) for direct comparison of rate-limiting chemistry
with benzaldehyde imino-oxy acetic acid.
This study also sought to define a structure-activity relationship to describe the
role ‘imine-linked’ oxygen assumes in PAM-dependent oxidation of imino-oxy acetic
acid substrate. As benzaldehyde imino-oxy acetic acid is a constitutional isomer of Nbenzoylglycine and both are PAM substrates, the role of the imine-linked oxygen was
compared through oxygen insertion into glycine-containing molecules, making
hydroxamic acid and hydroxylamine derivatives. Comparison of the kinetic behavior
within this panel of compounds allowed the effect oxygen insertion had on substrate
oxidation to be experimentally probed (Fig. 4.3).
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Figure 4.3. Structures of interest for the structure-function analysis used in this study.
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A multi-faceted approach using the computational docking of these compounds into
PHM was utilized for structure-function analysis. Structures obtained from this method
were used to rationalize the reactivity of the imino-oxy acetic acid moiety through MEP
and NBO analysis. This coupled approach was performed to obtain a deeper insight into
the electronic structure of PHM-docked compounds to afford a better understanding of
the chemical reactivity observed with imino-oxy acetic acid substrates(40, 47). With this
approach, NBO analysis was used to rationalize the role hyperconjugative stabilization
contributes to observed trends for substrate functionalization (Fig. 4.4).
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Figure 4.4. Outline of structure-function analysis used for compounds used in this
study.
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Materials and Methods
All aryl aldehyde and ketone starting materials were purchased from Sigma Aldrich, Oacetylbenzohydroxamic acid and phenylacetylamino-oxy acetic acid from Spec, αdideutero bromoacetic acid from Sigma, carboxymethylhydroxylamine from TCI
America, and all solvents and buffers were obtained from Fischer. Bovine liver catalase
was purchased from Worthington, bi-functional PAM (rattus novegus) was a generous
gift from Unigene, Inc (New Jersey, USA),
Synthesis of aryl imino-oxy acetic acids
Synthesis of para-substituted aryl imino-oxy acetic acids followed the procedures
of van Dijk and Zwagemakers (56). Briefly, 80mmole of the respective aldehyde or
ketone and carboxymethylhydroxylamine-hemichloride were refluxed with 3 equivalents
of NaOAc in 80% ethanol. The resulting solution was concentrated under reduced
pressure, made alkaline with dilute sodium hydroxide (~100mM), then extracted with diethyl ether to remove the un-reacted ketone or aldehyde starting material. The aqueous
phase was combined with fresh diethyl ether in a separatory funnel and was acidulated
with a dilute hydrochloric acid solution. The precipitant formed in the aqueous phase was
dissolved into the organic phase with agitation.

Once precipitation was no longer

observed, the organic phases were separated. The combined organic layers were washed
with brine, dried (anhydrous MgSO4), and concentrated.

Recrystallization was

performed using a benzene-petroleum ether solution.

α-Dideutero Acetophenone- and β-Naphthaldehyde imino-oxy acetic acid
A method was for imino-oxy acetic acid synthesis was employed for the isotopic
labeling studies. The ketone or aldehyde was converted to the corresponding oxime (57).
The 4.1mmole oxime was dissolved in 20ml of ddH2O and 5 equivalents of NaOH. The
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reaction was stirred at room temperature for 45 minutes, after which 1.5 equivalents of
bromo-acetic acid was slowly added in small increments to the stirring solution of
sodium oximate.

Upon completion the reaction as determined by TLC (1:3 Hexanes :

EtOAc), the reaction was acidified with dilute HCl(aq), collected in a Büchner funnel
passing petroleum ether over the filtered solid to remove solvent from the filtrate. The
white crystalline imino-oxy acetic acid solid was re-crystallized twice with benzenepetroleum ether.
para-(5-Dimethylaminonapthalene-1-sulfonamido)acetophenone imino-oxy acetic acid
Distilled pyridine stored over molecular sieves and potassium hydroxide pellets,
was prepared for this procedure. Similar to the ‘pyridine method’ used by Himel et al.
(58), a 15mL aliquot of ‘dry’ pyridine was placed in a closed round-bottom flask with a
light N2 stream exchanging above the stirring solution for ~15 minutes, while heating the
solution to ~50-60 °C. To this solution, 4 mmole of the para-amino acetophenone iminooxy acetic acid (synthesized from the aforementioned synthetic protocol) was dissolved
in minimum of dry pyridine and added to the stirring solvent through the rubber septum
with a syringe, followed by a short N2 exchange (~2 minutes). An equivalent amount
dansyl chloride was dissolved in 2 mL of ‘dry’ pyridine, capped with a rubber septum
allowing its headspace to be purged with N2. This solution was added drop wise to the
stirring ‘dry’ pyridine and para-amino acetophenone imino-oxy acetic acid solution. The
sealed mixture was stirred for 24 hours. The reaction was monitored by TLC (20%
methanol/ 80% ethyl acetate) with the product being resolved as bright fluorescent green
spot. The reaction was diluted with ddH2O (~20 mL) and extracted with diethyl ether
three times. Pyridine contamination of the product was removed by rigorously stirring
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the combined di-ethyl ether extracts in the presence of 2% hydrochloric acid(aq) solutions.
This acidic solution was exchanged until TLC showed no pyridine contamination in
either phase. The diethyl ether phase was separated and concentrated. Recrystallization
was performed using hot diethyl ether using petroleum ether to precipitate the
yellow para-(5-dimethylaminonapthalene-1-sulfonamido) acetophenone imino-oxy acetic
acid product. The double recrystallized product was washed with petroleum ether in a
Büchner funnel and dried in an oven prior to characterization.
Steady State Kinetics using Oximetry
Substrate Analysis
Initial rates were measured by following the PAM-dependent consumption of O2
using a Yellow Springs Instrument Model 53 oxygen monitor interfaced with a personal
computer using a Dataq Instruments analogue/digital converter (model DI-154RS) as
previously described in McIntyre et al. (23).

Rate of dissolved oxygen disappearance

was used to determine steady-state values using equation 4.1, as fit to Kaleidagraph™.
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Equation 4.1. Michaelis-Menton rate equation for initial velocity determination.
Equation 4.1 describes the Michaelis-Menton expression, with initial velocity
represented by ‘rate’, maximal velocity by VMAX, Michaelis constant by KM, and iminooxy acetic acid concentration by [IAA], respectively. Reactions were performed under
ambient oxygen conditions at 37.0 ± 0.1 °C (217μM)(59). Each trial was buffered with
100mM MES/NaOH (pH 6.0), supplemented with 30mM NaCl, 1% (v/v)EtOH, 0.001%
Triton X-100, 10μg/ml bovine liver catalase, 1μM Cu(NO3)2 and 5mM sodium ascorbate.
In the presence of varying imino-oxy acetic acid (IAA) substrate, a background rate of
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oxygen consumption was established and subtracted from the experimental rate initiated
with PAM (82nM).

Values for VMAX,

app

were normalized to published values for

11.0mM N-acetylglycine(9).

N-Acetylglycine Oxidation
Analysis of hydroxamic acid derivative inhibition of PAM-dependant substrate
oxidation was also carried out using the oxygen electrode, described above. Reaction
conditions were repeated as above, adding a constant 5mM N-acetylglycine concentration
to each trial. In the presence of varying inhibitor concentrations, initial rates were
measured by following the decrease in PAM-dependent consumption of O2 using the
previously mentioned oxygen monitor apparatus. Values for VMAX, app were normalized to
published values for 11.0mM N-acetylglycine(9).
The decreasing velocities for substrate oxidation fit to a competitive inhibition
pattern described by Dixon plot for (equation 4.2) using the Kaleidagraph™ graphing
application.
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Equation 4.2.
inhibition.

Modified Michaelis-Menton expression to describe competitive

For competitive inhibition described through Dixon analysis, ‘rate’ is the initial
velocity, VMAX is the maximal velocity, [acetylglycine] and [I] are N-acetylglycine and
inhibitor concentrations and KM and Ki are the Michealis and inhibition constants,
respectively.
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Inhibition of N-dansyl-tyr-val-gly amidation by imino-oxy acetic acid derivatives.
Reactions at 37.0 ± 0.1 °C were initiated by the addition of PAM (45-50 ng) into
500 mL of 100 mM MES/NaOH pH 6.0, 30 mM NaCl, 5.0 mM sodium ascorbate, 1.0%
(v/v) ethanol, 0.001% (v/v) Triton X-100, 10 mg/mL bovine catalase, 1.0 μM Cu(NO3)2,
8 μM N-dansyl-Try-Val-Gly, and various concentrations of the imino-oxy acetic acid
derivative. At the desired time, an aliquot was removed and added to a vial containing
one-fifth volume of 6% (v/v) tri-fluoroacetic acid to terminate the reaction. The acidified
aliquots were assayed for the percent conversion to N-dansyl-Try-Val-NH2 by reverse
phase HPLC as described by Jones et al. (60).
Utilizing the fluorometric assay of Jones and Tamburini et al. (60), the amidation
of the dansylated glycine-extended tri-peptide (N-dansyl-tyrosine-valine-glycine) was
monitored via reverse-phase high performance liquid chromatography using an Agilent
1100.

A constant fluorescent-substrate concentration was measured against varying

amounts of imino-oxy acetic acid, respectively.

The decreasing velocities for

fluorescent-substrate amidation were subsequently fit to a Dixon plot for competitive
inhibition (equation 4.3) using the Kaleidagraph™ graphing application.
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Equation 4.3.
inhibition.
.

Modified Michaelis-Menton expression to describe competitive

Please note, v is the initial velocity, VMAX is the maximal velocity, [DNS-YVG] and [I]
are N-dansyl-tyrosine-valine-glycine and inhibitor (imino-oxy acetic acid) concentrations
and KM and KI are the Michaelis and inhibition constants, respectively. Reactions were
performed at 37.0 ± 0.1 °C, 100mM MES/NaOH (pH 6.0), 30mM NaCl, 1% (v/v)EtOH,
0.001% Triton X-100, 10ug/ml bovine liver catalase, 1μM Cu(NO3)2, 8μM N-DansylYVG and 5mM sodium ascorbate.

Duplicate time points were collected through the

removal 40ul of the reaction and subsequent mixture with 1% TFA with plotted data
represented as initial velocity (s-1) ± standard deviation versus corresponding [I].

Computation
Similar to the analysis in CHAPTER TWO, the initial coordinates of the reduced
PHM structure were utilized from the Protein Data Bank (http://www.rcsb.org/pdb/,
1SDW)(61).

High accuracy substrate binding poses were predicted using quantum

polarized ligand docking (QPLD) utilizing the molecular mechanics (MM) and ab initio
programs of the Schrödinger First Discovery suites, Glide(62) and Q-site(63)
respectively(64, 65). The top five Glide poses were selected using standard precision
(SP) mode. These ligand-receptor complexes are analyzed by ab initio methods to
calculate partial atomic charges utilizing electrostatic potential fitting within the receptor
using the Q-site module.

Specifically, a single-point energy optimization using the 6-
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31G* basis set and DFT-B3LYP(66, 67) methodology was used to calculate the ligand
wave-function deriving partial atomic charges from molecular electrostatic potential
(MEP) population analysis (68). These optimized ligands are re-docked to predict the
lowest energy conformation of the ligand set.

Electronic structure calculations
Using the docked geometry calculated from the QPLD algorithm, compounds
underwent an additional single-point energy (SPE) optimization designed to predict both
molecular electrostatic potential surfaces (MEP) and natural bonding orbital (NBO)
analysis.

Density functional theory (DFT) calculations were performed using the

Jaguar(69). Each calculation was generated with the 6-31G** basis set at the B3LYP
level of theory. Surfaces were visualized in Maestro(70).

Supplementary Note
The structure of (benzylidine-amino)-acetic acid has a known sensitivity to moisture and
air, decomposing to benzaldehyde (71). This degradation precluded kinetic analysis of
this compound which was only included for theoretical comparison to benzaldehyde
imino-oxy acetic acid to assist in understanding the relationship between the imine and
inserted oxygen.
Results
Steady State Kinetics of Imino-Oxy Acetic Acid Derivatives
Steady-state analysis of all synthesized imino-oxy acetic acid derivatives show
modest deviation in (VMAX/KM)APPARENT parameters, based on para-substitution
(structures 1-15).

The O-acetyl aryl-aldoxime and ketoxime derivatives show a
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(VMAX/KM),APP ( ≡ s-1M-1) range of 1.51*104 to 1.31*105 and 2.11*104 to 1.12*105,
respectively.

The para-cyano benzaldehyde and the non-substituted acetophenone

derivatives displayed the lowest (VMAX/KM)APPARENT values, while the greatest value was
also found on different aldoxime (-OMe) and ketoxime (-Cl) para-substituted derivatives.
The greatest (VMAX/KM)APPARENT value was observed for N-dansylated derivative 17, with
a value of 4.11*105 s-1M-1. Overall, the KM,APPARENT values for the acetophenone iminooxy acetic acid derivatives were observed to be lower than their corresponding
benzaldehyde counterparts, with the exception of para-methoxy (4 ten-fold lower than
11) and para-fluoro (6 ≈ 13). Among the aryl structures 1-15, the VMAX,APPARENT values
deviate from ~1.0 ± 0.1 s-1 to ~3.3 ± 0.3 s-1 for both the benzaldehyde and acetophenone
derivatives (table 4.1).
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Table 4.1. Kinetic parameters for PAM-dependent oxidation of substrates. Each
compound was assayed by observing the rate of oxygen consumption from a constant
oxygen tension using identical reaction conditions for each (see methods).

Comparison of Michaelis (KM,APPARENT) and inhibition (KI,APPARENT) constants for
compounds fit to both Michaelis-Menton and competitive inhibition equations
(equations 4.1 and 4.3) displayed a (KI/KM)APPARENT ratio for all values of 0.95 ± 0.36,
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and 1.08 ± 0.23 excluding para-methoxy benzaldehyde imino-oxy acetic acid(4), which
displayed an (KI/KM)APPARENT = (7.6μM)/(24.3μM) = 0.31 ± 0.04 (table 4.2). Inhibition
constants determined for the hydroxamic acids, O-acetylbenzohydroxamic acid (19) and
phenylacetylamino-acetic acid (20), show an intriguing trend that has the KI increase
~10-fold as a function of the methylene linker present in compound 20, 1.17 ± 0.092 mM
(19) and 12.7 ± 1 mM (20)(equation 4.3 and table 4.3). The glycine-extended derivatives
of compounds 19 and 20 show an inverse relationship with KM with 1.3 ± 3.6E-02 mM
for N-benzoylglycine and 0.16 ± 4.7E0-3 mM for phenylacetylamino-acetic acid (72).
Kinetic isotope effect analysis of two substrates, acetophenone imino-oxy acetic acid (8)
and β-naphthaldehyde imino-oxy acetic acid (17) was performed under ambient oxygen
saturation (table 4.3).
values

D

VMAX,APPARENT values were similar between compounds with the

2.20 ± 0.11 (8) and 2.84 ± 0.19 (17) observed.

D

Conversely, the

(VMAX/KM)APPARENT for C-H bond cleavage values were ~two-fold different at 2.97 ±

0.49 (8) and 6.30 ± 1.09 (17) (table 4.3).
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Table 4.2. Inhibition constant (KI) determination for imino-oxy acetic acid and
hydroxamic acid compounds. For oxidizable substrates, the ratio of inhibition constant :
Michaelis constant (KI/KM). Inhibition constants were determined from Dixon analysis
for competitive inhibition (see methods).

Table 4.3. Apparent α-dideutero kinetic isotope effect DKIE,APP for benzaldehyde iminooxy acetic acid (1), acetophenone imino-oxy acetic acid (8) and β-naphthaldehyde iminooxy acetic acid (17) measured under ambient oxygen tension (217μM).
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Structure-Function Analysis
This

study

introduces

O-acetylbenzohydroxamic

acid

(19)

and

phenylacetylamino-oxy acetic acid (20) as PAM inhibitors. Structures 19 and 20 were
adapted from N-glycine extended compounds to N-carboxymethylhydroxylamine
analogues.

Previous data has shown the N-glycine extended N-benzoylglycine and

phenylacetylamino-acetic acid compounds to be effective substrates for PAM oxidation
(VMAX,APPARENT = 8.2 ± 7.9E-02 and 7.4 ± 8.6E-02 s-1, KM,APPARENT = 1.3 ± 3.6E-02 and
0.16 ± 4.7E-03mM)(72).

The KI,APPARENT for these compounds is 1.17 ± 0.09 mM (19)

and 12.7 ± 1.0 mM (20) (table 4.2) and were not observed to consume oxygen under
standard conditions, thus excluding KM,APPARENT calculation. A direct comparison of
‘free’ glycine to carboxymethylhydroxylamine (16) showed that only the latter was a
substrate for PAM, displaying a VMAX,APPARENT of 1.19 ± 0.03 s-1 and a KM,APPARENT of
5.90 ± 0.60 mM, with a (VMAX/KM),APP of 2.01E+02 ± 2.11E+01 s-1M-1 respectively.
Electronic Structure Calculations:
Compounds docked within the reduced PHM active site were analyzed by both
MEP and NPA to provide information about chemical reactivity using these nonequilibrium geometries (figure 4.5). Please note, the MEP renderings in figure 4.5 show
all molecules normalized to the same electrostatic potential scale (-205 to +50 meV).
Comparison of the single point energy analysis of docked geometries obtained will be
considered in pairs:
Glycine versus Carboxymethylhydroxylamine
For carboxymethylhydroxylamine, the NPA values for nitrogen show a considerable
decrease in electron repulsion (-0.888 to -0.579) compared to glycine.
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observed as the α-carbon of carboxymethylhydroxylamine displays decreased electron
repulsion as a function of oxygen insertion decreasing from -0.350 to -0.204. For the
MEP analysis of glycine the electronegativity of the carboxylate terminus was shown to
be approximately equal nitrogen lone pair. For carboxymethylhydroxylamine (16), the
interpolated electrostatic ratios from MEP showed the carboxylate to be the most
electronegative, followed by a less negative nitrogen lone pair then the amino-oxy
oxygen. Second-order perturbation theory values (table 4.4) show the nitrogen lone pair
of glycine to be sp3.15 with no observed σ* N-H interaction.

The nitrogen lone pair of

carboxymethylhydroxylamine is observed to be sp2.25 hybridized. Both oxygen lone pairs
are sp1.02 which interact with each σ* N-H in the molecule (table 4.4, blue).
N-Benzoylglycine versus O-acetylbenzohydroxamic Acid
The oxygen lone pair in O-acetylbenzohydroxamate (19) appears to decrease the nitrogen
lone pair delocalization into the carbonyl anti-bond with stabilization energies decreasing
from 59.87 kcal/mol to 11.95 and 22.95 kcal/mol, respectively. This appears to occur as
the oxygen lone pair stabilizes the σ* N-H.

The result is a decrease in nitrogen

hybridization of the σ* N-H from sp3.06 to sp2.18 (table 4.4, blue).

For O-

acetylbenzohydroxamic acid, NPA shows that oxygen insertion decreases the electron
repulsion observed at the nitrogen from -0.607 to -0.301 (Figure 4.5). This oxygen also
slightly increases the electronegativity at the adjacent N-H hydrogen from 0.423 to 0.415.
Consistent with carboxymethylhydroxylamine (16), the inserted oxygen also decreases
electron repulsion in the Cα of O-acetylbenzohydroxamic acid (19).

The carbonyl

moiety is also altered as a function of oxygen insertion, decreasing at the oxygen from -
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0.674 to -0.631 and electron repulsion at the carbon increases as a function of oxygen
Electron repulsion at the α-carbon hydrogens were

insertion from 0.613 to 0.570.

decreased from 0.234/0.266 to 0.221/0.199 with oxygen insertion. All other aspects of
each molecule were constant, irrespective of oxygen insertion. MEP analysis showed the
carboxylate of N-benzoylglycine to be the most electronegative species in the molecule
followed by the amide oxygen then nitrogen, respectively. The O-acetylbenzohydroxamic
acid (19) also displayed the greatest electronegativity in the carboxylate moiety, though
differences were observed as the next most electronegative species which followed the
carbonyl was the O-acetyl hydroxamic acid oxygen, followed by the nitrogen,
respectively.
Phenylacetylamino-acetic Acid versus Phenylacetylamino-oxy acetic Acid
Each oxygen lone pair of phenylacetylamino-oxy acetic acid (20) stabilizes the N-H σ*
(4.31 and 3.96 kcal/mol).
hybridization

from

sp3.06

The nitrogen of this σ* bond displays a decrease in
in

the

phenylacetylamino-oxy acetic acid(20).

phenylacetylamino-acetic

acid

sp2.08

in

The methylene linker alters the amide to

hydroxamic acid electron repulsion trends similar to those observed with the previous
pairing.

Oxygen insertion decreases the electron repulsion of the nitrogen (-0.630

to -0.299), though there is a negligible effect on the N-H hydrogen (0.412 versus 0.414).
The carbonyl moiety altered by oxygen insertion, though the carbonyl oxygen of
each derivative display very close NPA values (-0.679 versus -0.681), though the carbon
in the hydroxamic acid derivative (20) displays more electron repulsion from 0.630 to
0.602, respectively.

The alpha-carbon shows a decrease in electron repulsion as a

function of oxygen insertion (-0.370 versus -0.221). Interestingly, only one of the Cα
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hydrogens were significantly changed with oxygen insertion, increasing electron
repulsion in the hydroxamic acid derivative (20) from 0.206 to 0.275.

MEP analysis for

phenylacetylamino-acetic acid, as expected, display the carboxylate terminus as the most
electronegative moiety on the molecule closely followed by the amide oxygen then
nitrogen, respectively. In good agreement with NPA, oxygen insertion within
phenylacetylamino-oxy acetic acid (20) shows the carboxylate terminus to contain the
greatest electronegativity followed by the carbonyl oxygen of the hydroxamoyl moiety,
the O-acetyl-linked oxygen displayed a slightly greater electronegativity than the adjacent
nitrogen.
(Benzylidene-amino)-Acetic Acid versus Benzaldehyde Imino-Oxy Acetic Acid
The nitrogen lone pairs for each molecule show a high degree of stabilization into the
aldimine C-H σ*, 10.31 and 7.27 kcal/mol respectively.

The decrease in nitrogen

hybridization from sp1.75 to sp1.18 through oxygen insertion suggests that the oxygen lone
pair delocalize strongly into the π* of the imine (27.61 kcal/mol). NPA of this pair was
done to directly compare the effect the oximate oxygen has on the occupancy of the
imine.

The aldimine hydrogen of the oxime derivative display decreased electron

repulsion (0.205 versus 0.175).

The adjacent carbon displays an essentially neutral

occupancy for each molecule (0.005 and -0.054).

As expected, the oxime oxygen

decreases the electronic occupancy in the Cα from -0.389 to -0.210 and a relatively small
effect on the Cα hydrogens 0.207/0.239 and 0.218/0.228, respectively. The nitrogen is
drastically altered in the oxime derivative decreasing from -0.363 to -0.0956. The MEP of
(benzylidene-amino)-acetic acid shows the carboxylate moiety to be the most
electronegative, while the imine displays a strong gradient from moderately
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electronegative at the nitrogen to an neutral green value. Benzaldehyde imino-oxy acetic
acid(1) also has the most electronegative group displayed as the carboxylate moiety while
the oximyl oxygen followed as moderately electronegative, and the nitrogen and imine
carbon display an electronegative trend moving towards neutrality (light green).
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-205 meV

0.229

+50 meV

0.221
-0.237
-0.261

-0.178
0.239

-0.225
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Figure 4.5. Molecular electrostatic potential (MEP) (left) and natural population analysis
(NPA) (right) calculated by single point energy calculations performed on compounds
docked into the peptidylglycine α-hydroxylating monooxygenase (PHM) crystal structure
using Quantum Polarized Ligand Docking (QPLD) feature of Jaguar(69). Calculations
were performed using the 6-31G** basis set at the B3LYP level of theory. Please note,
red = oxygen, grey = carbon, blue = nitrogen, and white = hydrogen.
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Table 4.4. Second-order perturbation theory values for structure-function molecules
determined from natural bond orbital analysis (NBO). The interaction of lone pair
electrons with neighboring anti-bonding orbitals is displayed with the hybridization of
lone pair donor and anti-bond acceptor as a function of interaction energy (ΔEij).
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Discussion

Imino-Oxy Acetic Acids
All tested imino-oxy acetic acids are oxidized by PAM. The (VMAX/KM),APP for
these compounds are all greater than N-benzoylglycine (~103 s-1M-1) and similar to
phenylacetylamino-acetic acid (~104 s-1M-1). Therefore, the catalytic efficiency of these
compounds were very good, with KM,APPARENT values for each lower than either
aforementioned glycine-extended substrate.

Strong correlation between Michaelis

constant and inhibition constant values suggest that the imino-oxy acetic acids are
competitive inhibitors of glycine-extended substrates and that binding occurs only in the
active site of PAM (table 4.2). Comparison of the

D

(VMAX/KM),APPARENT for

acetophenone-(8) and β-naphthaldehyde imino-oxy acetic acid(17) to benzaldehyde
imino-oxy acetic acid (1) showed the latter to display an increase magnitude from 6.30 ±
1.09 (17) versus 4.86 ± 0.58 (1) (table 4.3). This showed that under ambient oxygen
conditions, the rate limitation of C-H cleavage increased with the more hydrophobic βnaphthaldehyde imino-oxy acetic acid (17) substrate.

Altering the substrate from a

benzaldehyde (1) to acetophenone (8) derivative lowered the D(VMAX/KM),APPARENT for CH bond cleavage from 4.86 ± 0.58 (1) to 2.97 ± 0.49 (8).

These results suggest that the

rate limitation attributed to C-H bond cleavage is dependent on substrate structure.
Effect of Oxygen-Insertion
Benzaldehyde imino-oxy acetic acid (1) and the carboxymethylhydroxylamine
(16) nitrogen lone pair hybridization are more similar (sp2.25 and sp1.18) to each other than
the hydroxamic acid derivatives (19 and 20), which show p-orbital occupation
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predominantly (sp35.75 and p) (table 4.4).

The phenylacetylamino-acetic acid and N-

benzoylglycine molecules also show predominant p-orbital character, with sp11.62 and
sp15.35, though the corresponding hybridization character between derivatives is
increased, sp35.78 and p respectively.

Another interesting aspect to oxygen insertion

between carboxymethylhydroxylamine (16) and benzaldehyde imino-oxy acetic acid (1)
were the delocalization patterns that arose from the oxygen lone pair.

In

carboxymethylhydroxylamine (16), both oxygen lone pairs have equivalent hybridization,
sp1.02 for each. This sp~1 hybridization pattern was also observed on the benzaldehyde
imino-oxy acetic acid (1), though for each of the hydroxamic acid derivatives (19 and
20), only one oxygen lone pair met the sp~1 specification, while the other lone pair had
completely ‘p’ character. The hydroxamic acid derivatives have a delocalization pattern
that restricts the geometry of the hydroxamate (‘O-NH-C=O’) moiety.

This results in

a decreased amide (‘NH-C=O’) delocalization that was characteristic of the
phenylacetylamino-acetic acid and benzoyl-glycine substrates.
The oxime moiety is electronically analogous to the amide moiety as the nitrogen
lone pair is observed to delocalize directly in to the aldiminic hydrogen and the oxygen
lone pair delocalizes directly into the imine (C=N) bond. This is very similar to Nbenzoylglycine as the lone pair electrons on the amide oxygen interact with anti-bonds of
the N−C of the amide, and the nitrogen lone pair interacts with the N−H σ* and strongly
delocalizes into the carbonyl (C=O) moiety. Similarly, hyperconjugative stabilization for
the π* of the imine (0.6853*(p)N8 – 0.7282*(p)C9 = 27.61 kcal/mol, table 4.4) and σ* of
the adjacent C-H aldimine bond (0.6250*(sp2.29)C9 – 0.7806*(s)H21 = 7.27 kcal/mole,
table 4.4) of benzaldehyde imino-oxy acetic acid (1) by oxygen lone pairs and also
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provide electronic rationale for the preference of these compounds to be in the Eisomer(56).
What differs between the oxime and amide is a singly bonded oxygen which
delocalizes into an imine and the imine nitrogen lone pair delocalizes into the aldiminic
hydrogen for the benzaldehyde imino-oxy acetic acid, while the oxygen lone pairs of the
amide delocalize into the C−N bond, the nitrogen lone pair delocalizes into both the
carbonyl and N−H σ*-anti-bonds. Both species share strong similarities electronically, as
both carbonyl and imine moieties are stabilized by lone pair interaction from their
adjacent atom. Interestingly, the nitrogen lone pair of both species stabilizes a hydrogen
atom, for the amide the N-H and for the aldiminic hydrogen for the aldoxime (figure 4.6).

Oxime

Amide

H

O
C

N

C

=

N
O

H

Figure 4.6. Comparison of lone pair-antibond interaction for amide versus oxime moiety
derived from natural bond orbital analysis.
As listed in table 4.4, the delocalization of carbonyl oxygen lone pairs into
adjacent N-H bond of the amide and hydroxamate moieties are super-imposable
displaying lone pair hybridizations of sp~0.4 and full p orbital, respectively, with
corresponding delocalization energies into the adjacent N-C bonds are also within error,
~1.18-to-1.85 and 14.13-to-17.05 kcal/mol, respectively.
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inserted oxygen only affect the electronic properties of the nitrogen. This was alluded to
with a mild decrease in the hybridization character of the bonds for the glycine-extended
and hydroxamic acid derivatives.

The anti-bond interaction of the N-C bond was

0.6*(sp~1.8)N-0.78*(sp~2.1)C for the amide and 0.6*(sp~1.5)N-0.78*(sp~2.25)C for the
hydroxamic acid derivatives.

From this, it was observed that although the hybrid

composition (value in front of each parenthesis) was constant between moieties, the
actual sp hybridization subtly decreased for nitrogen and increased for carbon as a
function of oxygen insertion.

Although, this may appear counter intuitive, it actually

begins to lay the framework for delocalization of the inserted oxygen into the N-H and
the adjacent effect on the carbonyl in the hydroxamic acid derivatives. Also, carbonyl
oxygen lone pair delocalization into the adjacent N-C bond was comparable with each of
the hydroxamates (19 and 20) to their glycine-extended derivatives. Specifically, 15.17
& 1.82 kcal/mole N-benzoylglycine versus 14.13 & 1.79 kcal/mole for Oacetylhydroxamic acid and phenylacetylamino-acetic acid 1.82 & 15.17 kcal/mole versus
phenylamino-oxy acetic acid 1.18 & 17.05 kcal/mole, respectively (table 4.4). Thus,
when an ‘inserted oxygen’ was present, the N−H σ*-anti-bond orbital interaction became
stabilized, increasing the sp-hybridization at the adjacent carbonyl carbon (figure 4.7).
O

O
R

N

OH

R

O
H
R =0 = N-Benzoylglycine
R =1 = Phenylacetylamino-acetic acid

O
N

O

OH

H
R =0 = O-Acetylhydroxamic Acid (19)
R =1 = Phenylacetylamino-oxyacetic acid (20)

Figure 4.7. Alteration in delocalization pattern as a function of oxygen insertion into Nbenzoylglycine and phenylacetylamino-acetic acid as predicted by NBO analysis
(table 4.4).
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This trend differs with consideration of carboxymethylhydroxylamine (16) as a
substrate because the N−H σ* hybridization is sp~3 while in the hydroxamic acid
derivatives (19 and 20) it is sp~2 (table 4.4, shown in blue).

Also, the lone pair

hybridization of the nitrogen is much increased compared to the glycine-extended
molecules. Together, ‘oxygen insertion’ perturbs the standard amide-type delocalization
pattern, by interacting directly with the N-H σ* bond creating a pseudo-double bond
moiety. The data suggest that there is a requirement for lone pair delocalization adjacent
to the α-carbon for these molecules to be substrates. The effect of oxygen insertion into
the free glycine molecule (carboxymethylhydroxylamine (16)) was an unexpected PAM
substrate, whereas glycine was not (up to [glycine] = 1M). The oxygen lone pair perturbs
the carboxymethylhydroxylamine (16) differently than the hydroxamic acid compounds.
The required interaction appears to be the sp~3 for the σ* nitrogen (N-H) bond. The
stabilization effect is observed through oxygen lone pair interaction into these bonds,
respectively (figure 4.8).
O
H

N

O

OH

H

Figure 4.8. Delocalization pattern for carboxymethylhydroxylamine (16) as predicted by
NBO analysis (table 4.4).

Conclusion
It appears that the benzaldehyde imino-oxy acetic acid is electronically similar to
N-benzoylglycine. Oxygen insertion into N-benzoylglycine appears to disrupt the amide
delocalization through a σ* anti-bond interaction with the N−H bond. The reason this
affects oxidation is difficult to reconcile clearly, though it may appear that a strong
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delocalization event adjacent to the Cα bond is required for substrate activation. The
insertion of oxygen disrupts this requirement with a weak delocalization into the adjacent
N−H σ∗-anti-bonding orbital, though more importantly it appears to disrupt the sphybridization of this σ* N−H bond.

Though, if it were only an issue of weak

delocalization into an adjacent bond as seen in the hydroxamic acid compounds (figure
4.7), then carboxymethylhydroxylamine (16) would not be oxidized. The fact that it is a
substrate, suggests that the sp-hybridization of the σ* N−H bond is a critical factor
determining whether oxygen insertion yields a non-productive substrate.

As a

counterpoint, the sp-hybridization of the inserted oxygen may also play a critical role
(table 4.4). This may be a semantic argument, as the increase in p-character directly
accompanies the decrease in the sp-hybridization of the adjacent nitrogen. For oxygencontaining substrates, carboxymethylhydroxylamine (16) and benzaldehyde imino-oxy
acetic acid (1), the sp-hybridization for each of the oxygen lone pair orbitals is sp~1 which
suggests that both oxygen lone pairs and the σ* N−H anti-bonding environment play an
equally critical role in determining the difference between substrate activation and
competitive inhibition.

Overall, this suggests that static docking poses are not enough

to distinguish between substrates versus non-substrates for PHM.

Both the docked

substrate orientation and electrostatic potential calculations do not correlate to any
discernable structure-function trend observed.

Conversely, subtle contributions from

hyperconjugative stabilization do provide an informative theoretical framework to
improve current understanding of substrate reactivity in PHM. This study demonstrated
that consistent trends that arise from lone pair-σ* interactions allow predictions
concerning reactivity to be directly addressed.
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allowed trends in lone pair- anti-bonding orbital interaction to be used to rationalize the
unexpected activity of the imino-oxy acetic acid and carboxymethylhydroxylamine (16)
and inactivity of free-glycine and the hydroxamic acid (19 and 20) as PAM substrates.
The framework from which these results were derived is the first application of NBO
analysis to an enzymatic structure-function study.

Application of NBO to the suicide

inhibitor 4-phenyl-3-butenoic acid (PBA) would determine the role hyperconjugative
stabilization of the C-H σ* has on the partition ratio. By understanding the relationship
the C-H σ* has on substrate and inactivator behavior would allow the partition ratio of
PBA could become a malleable trait.
The oxidation of all synthesized imino-oxy acetic acids by PAM was interesting
as many of these derivatives had previously showed anti-inflammatory activity coupled
to low toxicity in rats(56).

As discussed in the introduction, chronic inflammation is

associated with the PAM-dependant activation of Substance P and CGRP, respectively.
As all tested imino-oxy acetic acids showed a lower KM,APP values than either glycineextended compound observed, the oxime moiety may be preferred to the amide for
effective binding into the active-site of PHM.

This structural preference for the

oxime by PAM was further shown as (VMAX/KM),APP values were oxidized as or more
efficiently than either N-benzoylglycine or phenylacetylamino-acetic acid. Therefore, the
mechanistic data produced with benzaldehyde imino-oxy acetic acid (1) lend a
considerable amount of understanding to the kinetic behavior during oxidation while the
structure-function study provided electronic structure information. Future

work

with

these compounds should utilize the methodologies presented to construct and understand
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potent mechanism-based inhibitors based on oxime containing compounds to efficiently
target PAM.
Potential Applications of NBO Analysis
Structure-function data for PAM must be thoroughly evaluated in the design of
novel neuropeptide analogues that have potential pharmacological interest. Using NBO
analysis to supplement kinetic analysis and highly accurate docking algorithms provided
a novel route to rationalize the contribution subtle electronic differences have on
structure-function relationships. For example, in the absence of NBO analysis, the
electronic similarity between N-benzoylglycine and benzaldehyde imino-oxy acetic acid
(1) could not have been determined from kinetic, docking or MEP analysis. Therefore,
NBO analysis delivers essential electronic structure information that allows a coherent
picture of previously separate components used in structure-function studies.

This

information would be a useful aid to any medicinal chemist searching for ultimate
specificity for their target. From a more philosophical perspective, NBO analysis will
likely be a fundamental concept to understand Lewis and non-Lewis bonding within
proteins to uncover the chemical rationale facilitating their folding. Advances using this
technique may allow synthetic proteins to fully mimic native tertiary structures. Perhaps
one of the next great advances in synthetic chemistry will be the growth from functional
group protection to peptide folding groups which guide macromolecules toward a desired
and stable orientation. This will drastically alter how enzymologists research chemical
mechanism and will open an entire field to protein therapy. An efficient automation of
this process would be an incredible advance to all fields using proteins; its impact would
certainly merit the highest honor in chemistry, the Nobel Prize.

205

CHAPTER 4: Structure-Function of the Imino-Oxy Acetic Acid
Experimental
benzaldehyde imino-oxy acetic acid (1): 1H NMR analysis (250MHz, MeOD-d4) δ4.96
(singlet, 2H, CH2, α-methylene), δ7.66 (m, 3H, ArH), δ7.87 (m, 2H, ArH), δ8.48
(singlet, 1H, H-C=N).

13

C NMR analysis (62.5MHz, MeOD-d4) δ171.841

(C=O,carboxylic acid), δ149.486 (C=N, imine), δ130.911 (Ar, C-1), δ129.188 (Ar, C-4),
δ127.673 (Ar, C-3, C-5), δ126.136 (Ar, C-2, C-6), δ69.325 (CH2, α-methylene), m.p.
(93-94°C).
para-cyano benzaldehyde imino-oxy acetic acid (2): 1H NMR analysis (250MHz,
MeOD-d4) δ4.96 (singlet, 2H, CH2, α-methylene), δ7.66 (m, 3H, ArH), δ7.87 (m, 2H,
ArH), δ8.48 (singlet, 1H, H-C=N).

13

C NMR analysis (62.5MHz, MeOD-d4) δ171.841

(C=O,carboxylic acid), δ149.486 (C=N, imine), δ130.911 (Ar, C-1), δ129.188 (Ar, C-4),
δ127.673 (Ar, C-3, C-5), δ126.136 (Ar, C-2, C-6), δ69.325 (CH2, α-methylene), m.p.
(93-94°C).
para-nitro benzaldehyde imino-oxy acetic acid (3): 1H NMR analysis (250MHz,
MeOD-d4) δ4.36 (singlet, 2H, CH2, α-methylene), δ7.35 (m, 2H, ArH), δ7.73 (m, 2H,
ArH), δ7.84 (singlet, 1H, H-C=N).

13

C NMR analysis (62.5MHz, MeOD-d4) δ171.297

(C=O,carboxylic acid), δ147.640 (C=N, imine), δ147.407 (Ar, C-1), δ137.112 (Ar, C-4),
δ126.902 (Ar, C-3, C-5), δ126.772 (Ar, C-2, C-6), δ69.728 (CH2, α-methylene), m.p.
(140-2°C).
para-methoxy benzaldehyde imino-oxy acetic acid (4): 1H NMR analysis (250MHz,
MeOD-d4) δ3.38 (singlet, 2H, CH3O), δ4.29 (singlet, 2H, CH2, α-methylene), δ6.50 (m,
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2H, ArH), δ7.11 (m, 2H, ArH), δ7.71 (singlet, 1H, H-C=N).

13

C NMR analysis

(62.5MHz, MeOD-d4) δ171.872 (C=O,carboxylic acid), δ160.594 (C=N, imine),
δ149.039 (Ar, C-1), δ127.674 (Ar, C-4), δ123.411 (Ar, C-3, C-5), δ113.066 (Ar, C-2, C6), δ69.143 (CH2, α-methylene).
para-chloro benzaldehyde imino-oxy acetic acid (5): 1H NMR analysis (400MHz,
DMSO-d6) δ4.648 (singlet, 2H, CH2, α-methylene), δ7.450 (m, 2H, ArH), δ7.619 (m,
2H, ArH), δ8.331 (singlet, 1H, H-C=N).

13

C NMR analysis (100MHz, DMSO-d6)

δ171.565 (C=O,carboxylic acid), δ149.458 (C=N, imine), δ135.413 (Ar, C-1), δ131.156
(Ar, C-4), δ129.620 (Ar, C-2, C-3, C-5, C-6), δ71.153 (CH2, α-methylene), m.p. (1235°C).
para-fluoro benzaldehyde imino-oxy acetic acid (6): 1H NMR analysis (400MHz,
DMSO-d6) δ4.617 (singlet, 2H, CH2, α-methylene), δ7.259 (m, 2H, ArH), δ7.663 (m,
2H, ArH), δ8.319 (singlet, 1H, H-C=N).

13

C NMR analysis (100MHz, DMSO-d6)

δ171.607 (C=O,carboxylic acid), δ149.439 (C=N, imine), δ129.968 (Ar, C-3, C-5),
δ116.717 (Ar, C-2, C-6), δ71.061 (CH2, α-methylene).
para-hydroxyl benzaldehyde imino-oxy acetic acid (7): 1H NMR analysis (400MHz,
DMSO-d6) δ4.572 (singlet, 2H, CH2, α-methylene and 4-OH), δ6.794 (m, 2H, ArH),
δ7.428 (m, 2H, ArH), δ8.166 (singlet, 1H, H-C=N).

13

C NMR analysis (100MHz,

DMSO-d6) δ171.843 (C=O,carboxylic acid), δ160.029 (C=N, imine), δ150.279 (Ar, C-1),
δ129.418 (Ar, C-2, C-6), δ123.068 (Ar, C-4), δ116.366 (Ar, C-3, C-5), δ70.840 (CH2, αmethylene).
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acetophenone imino-oxy acetic acid (8): 1H NMR analysis (250MHz, MeOD-d4) δ2.55
(singlet, 3H, CH3),δ4.97 (singlet, 2H, CH2, α-methylene), δ7.63 (m, 3H, ArH), δ7.91 (m,
2H, ArH).

13

C NMR analysis (250MHz, MeOD-d4) δ172.020 (C=O, carboxylic acid),

δ162.319 (C=N, imine), δ135.202 (Ar, C-1), δ128.330 (Ar, C-2, C-6), δ127.295 (Ar, C4), δ125.135 (Ar, C-3, C-5), δ69.264 (CH2, α-methylene), δ11.049 (CH3), m.p. (9798°C).

α-dideutero acetophenone imino-oxy acetic acid (8b):

13

C NMR analysis

(62.5MHz, MeOD-d4) δ176.759 (C=O, carboxylic acid), δ157.794 (C=N, imine),
δ134.752 (Ar, C-1), δ128.885 (Ar, C-2, C-6), δ127.717 (Ar, C-4), δ125.549 (Ar, C-3, C5), δ12.681 (CH3), m.p. (99-101°C).
para-cyano acetophenone imino-oxy acetic acid (9): 1H NMR analysis (250MHz,
MeOD-d4) δ1.87 (singlet, 3H, CH3),δ4.34 (singlet, 2H, CH2, α-methylene), δ7.30 (m,
2H, ArH), δ7.40 (m, 2H, ArH).

13

C NMR analysis (62.5MHz, MeOD-d4) δ172.285

(C=O, carboxylic acid), δ154.675 (C=N, imine), δ140.286 (Ar, C-1), δ131.927 (Ar, C-2,
C-6), δ126.575 (Ar, C-4), δ118.116 (Ar, C-3, C-5), δ112.212 (C≡N, cyano), δ69.264
(CH2, α-methylene), δ11.268 (CH3), m.p. (139-142°C).
para-nitro acetophenone imino-oxy acetic acid (10): 1H NMR analysis (250MHz, D2Od2) δ2.52 (singlet, 3H, CH3), δ4.77 (singlet, 2H, CH2, α-methylene), δ7.10 (m, 2H, ArH),
δ7.73 (m, 2H, ArH).

13

C NMR analysis (62.5MHz, MeOD-d4) δ177.128 (C=O,

carboxylic acid), δ158.055 (C=N, imine), δ147.457 (Ar, C-1), δ127.187 (Ar, C-2, C-6),
δ115.022 (Ar, C-3, C-5), δ71.133 (CH2, α-methylene), δ12.425 (CH3), m.p. (139-142°C).
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para-methoxy acetophenone imino-oxy acetic acid (11): 1H NMR analysis (250MHz,
MeOD-d4) δ1.82 (singlet, 3H, CH3), δ3.36 (singlet, 3H, CH3O), δ4.26 (singlet, 2H, CH2,
α-methylene), δ6.46 (m, 2H, ArH), δ7.14 (m, 2H, ArH).

13

C NMR analysis (62.5MHz,

MeOD-d4) δ171.935 (C=O, carboxylic acid), δ160.213 (C=N, imine), δ155.155 (Ar, C4), δ127.668 (Ar, C-1), δ126.502 (Ar, C-2, C-6), δ112.405 (Ar, C-3, C-5), δ69.126 (CH2,
α-methylene), δ53.602 (CH3O), δ10.882 (CH3), m.p. (105-106°C).
para-chloro acetophenone imino-oxy acetic acid (12): 1H NMR analysis (250MHz,
MeOD-d4) δ1.82 (singlet, 3H, CH3), δ4.30 (singlet, 2H, CH2, α-methylene), δ6.92 (m,
2H, ArH), δ7.19 (m, 2H, ArH).

13

C NMR analysis (62.5MHz, MeOD-d4) δ171.772

(C=O, carboxylic acid), δ154.371 (C=N, imine), δ134.169 (Ar, C-4), δ133.792 (Ar, C-1),
δ127.402 (Ar, C-2, C-6), δ126.593 (Ar, C-3, C-5), δ69.331 (CH2, α-methylene), δ10.740
(CH3), m.p. (119-122°C).
para-fluoro acetophenone imino-oxy acetic acid (13): 1H NMR analysis (250MHz,
MeOD-d4) δ1.87 (singlet, 3H, CH3), δ4.36 (singlet, 2H, CH2, α-methylene), δ6.923 (m,
2H, ArH), δ7.17 (m, 2H, ArH). m.p. (104-107°C).
para-hydroxy acetophenone imino-oxy acetic acid (14): 1H NMR analysis (250MHz,
MeOD-d4) δ2.60 (singlet, 3H, CH3), δ5.03 (singlet, 2H, CH2, α-methylene), δ7.13 (m,
2H, ArH), δ7.87 (m, 2H, ArH).

13

C NMR analysis (62.5MHz, MeOD-d4) δ173.226

(C=O, carboxylic acid), δ158.526 (C=N, imine), δ156.643 (Ar, C-4), δ127.618 (Ar, C-2,
C-6), δ115.010 (Ar, C-3, C-5), δ70.003 (CH2, α-methylene), δ11.986 (CH3), m.p. (142145°C).
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para-amino acetophenone imino-oxy acetic acid (15):

13

C NMR analysis (100MHz,

DMSO-d6) δ172.237 (C=O, carboxylic acid), δ155.995 (C=N, imine), δ150.568 (Ar, C4), δ127.716 (Ar, C-2, C-6), δ123.506 (Ar, C-1), δ114.122 (Ar, C-3, C-5), δ70.739 (CH2,
α-methylene), δ12.938 (CH3), m.p. (152-155°C).
beta-naphthaldehyde imino-oxy acetic acid (17): 1H NMR analysis (400MHz, DMSOd6) δ4.66 (singlet, 2H, CH2, α-methylene), δ7.53 (m, 2H, C-5, C-6 ArH), δ7.73 (m, 1H,
C8 ArH), δ7.90 (doublet, 4H, C-4, C-7, C-9, C-10 ArH), δ8.05 (singlet, 1H, H-C=N),
δ8.42 (singlet, 1H, C2 ArH).

13

C NMR analysis (100MHz, DMSO-d6) δ171.614 (C=O,

carboxylic acid), δ150.524 (C=N, imine), aromatic region: δ134.325, δ133.389,
δ129.876, δ129.189, δ128.448, δ127.879, δ127.509, δ123.289, δ71.164 (CH2, αmethylene), m.p. (132-133°C).
α-dideutero naphthaldehyde imino-oxy acetic acid (17b) 1H NMR analysis (400MHz,
DMSO-d6) δ7.53(m, 2H, C-5, C-6 ArH), δ7.73 (m, 1H, C8 ArH), δ7.91 (doublet, 4H, C4, C-7, C-9, C-10 ArH), δ8.06 (singlet, 1H, H-C=N), δ8.48 (singlet, 1H, C2 ArH), m.p.
(131-132°C).
para-(5-Dimethylaminonapthalene-1-sulfonamido)acetophenone imino-oxy acetic
acid (18) 1H NMR analysis (400MHz, DMSO-d6) δ1.81 (singlet, 3H, C(O)-CH3, methyl),
δ2.51 (singlet, 6H, CH3-NR2, methyl), δ4.29 (singlet, 2H, CH2, α-methylene), δ6.79 (m,
2H, naphthalene, C-3, C-4), δ6.97 (m, 1H, naphthalene, C-5), δ7.16 (m, 2H, C-2, C-6,
ArH), δ7.33 (m, 2H, C-3, C-5, ArH), δ7.94 (m, 1H, naphthalene, C-5), δ8.15 (m, 2H,
naphthalene, C-3, C-4), δ10.56 (singlet, 1H, carboxylic acid).

13

C NMR analysis

(100MHz, DMSO-d6) δ171.002 (C=O, carboxylic acid), δ155.995(C=N, imine),
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δ150.568 (Ar, C4−NH), δ138.753 (Dansyl, C-6), δ134.534 (Dansyl, C-1), δ130.226
(Dansyl, C-2), δ129.913 (Dansyl, C-7), δ128.935 (Dansyl, C-8), δ128.267 (Dansyl, C-4
and C-9), δ127.716 (Ar, C-3, C-5), δ123.506 (Ar, C-4), δ118.564 (Dansyl, C-3 and C10), δ115.360 (Dansyl, C-5), δ114.122 (Ar, C-2, C-6), δ70.231 (CH2, α-methylene),
δ45.051 (N(CH3)2, di-methylamine), δ12.938 (CH3, ketimine), m.p. (156-158°C).
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CHAPTER 5: NMR Spectra
Spectrum 5.1: benzaldehyde imino-oxy acetic acid 1H NMR analysis
(250MHz, MeOD-d4) and 13C NMR analysis (62.5MHz, MeOD-d4)
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Spectrum 5.2: [2H2]-benzaldehyde imino-oxy acetic acid 1H NMR analysis
(250MHz, MeOD-d4) and 13C NMR analysis (62.5MHz, MeOD-d4)
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CHAPTER 5: NMR Spectra
Spectrum 5.3: para-nitro benzaldehyde imino-oxy acetic acid 1H NMR analysis
(250MHz, MeOD-d4) and 13C NMR analysis (62.5MHz, MeOD-d4)
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Spectrum 5.4: para-methoxy benzaldehyde imino-oxy acetic acid 1H NMR analysis
(250MHz, MeOD-d4) and 13C NMR analysis (62.5MHz, MeOD-d4)
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Spectrum 5.5: para-chloro benzaldehyde imino-oxy acetic acid 1H NMR analysis
(400MHz, DMSO-d6) and 13C NMR analysis (100MHz, DMSO-d6)
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Spectrum 5.6: para-fluoro benzaldehyde imino-oxy acetic acid 1H NMR analysis
(400MHz, DMSO-d6) and 13C NMR analysis (100MHz, DMSO-d6)
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Spectrum 5.7: para-hydroxy benzaldehyde imino-oxy acetic acid 1H NMR analysis
(400MHz, DMSO-d6) and 13C NMR analysis (100MHz, DMSO-d6)
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Spectrum 5.8: acetophenone imino-oxy acetic acid 1H NMR analysis
(250MHz, MeOD-d4) and 13C NMR analysis (62.5MHz, MeODd4)
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Spectrum 5.9: [2H2]-acetophenone imino-oxy acetic acid
13
C NMR analysis (62.5MHz, MeODd4)
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Spectrum 5.10: para-cyano acetophenone imino-oxy acetic acid 1H NMR analysis
(250MHz, MeOD-d4) and 13C NMR analysis (62.5MHz, MeODd4)
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Spectrum 5.11: para-nitro acetophenone imino-oxy acetic acid 1H NMR analysis
(250MHz, D2O-d2) and 13C NMR analysis (62.5MHz, MeOD-d4)
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Spectrum 5.12: para-methoxy acetophenone imino-oxy acetic acid 1H NMR analysis
(250MHz, MeOD-d4) and 13C NMR analysis (62.5MHz, MeOD-d4)
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Spectrum 5.13: para-chloro acetophenone imino-oxy acetic acid 1H NMR analysis
(250MHz, MeOD-d4) and 13C NMR analysis (62.5MHz, MeOD-d4)
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Spectrum 5.14: para-fluoro acetophenone imino-oxy acetic acid 1H NMR analysis
(62.5MHz, MeOD-d4)
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Spectrum 5.15: para-hydroxy acetophenone imino-oxy acetic acid 1H NMR analysis
(250MHz, MeOD-d4) and 13C NMR analysis (62.5MHz, MeOD-d4)
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Spectrum 5.16: para-amino acetophenone imino-oxy acetic acid 13C NMR analysis
(100MHz, DMSO-d6)
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Spectrum 5.17: β-naphthaldehyde imino-oxy acetic acid 1H NMR analysis
(400MHz, DMSO-d6) and 13C NMR analysis (100MHz, DMSO-d6)
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Spectrum 5.18: [2H2]-β-naphthaldehyde imino-oxy acetic acid 1H NMR analysis
(100MHz, DMSO-d6)
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Spectrum 5.19: para-(5-dimethylaminonapthalene-1-sulfonamido) acetophenone iminooxy acetic acid 1H NMR analysis (400MHz, DMSO-d6) and 13C NMR
analysis (100MHz, DMSO-d6)
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Spectrum 5.20: [2H2]-Ν−Acetylglycine 1H NMR analysis (400MHz, DMSO-d6) and 13C
NMR analysis (100MHz, DMSO-d6)
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Spectrum 5.21: [1H2]-Ν−Propionylglycine 1H NMR analysis (400MHz, DMSO-d6) and
13
C NMR analysis (100MHz, DMSO-d6)
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Spectrum 5.22: [2H2]-Ν−Propionylglycine 1H NMR analysis (400MHz, DMSO-d6) and
13
C NMR analysis (100MHz, DMSO-d6)
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Spectrum 5.23: [1H2]-Ν−Butyrylglycine 1H NMR analysis (400MHz, DMSO-d6) and
13
C NMR analysis (100MHz, DMSO-d6)
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Spectrum 5.24: [2H2]-Ν−Butyrylglycine 1H NMR analysis (400MHz, DMSO-d6) and
13
C NMR analysis (100MHz, DMSO-d6)
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Spectrum 5.25: [1H2]-Ν−Hexanoylglycine 1H NMR analysis (400MHz, DMSO-d6) and
13
C NMR analysis (100MHz, DMSO-d6)
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Spectrum 5.26: [2H2]-Ν−Hexanoylglycine 1H NMR analysis (400MHz, DMSO-d6) and
13
C NMR analysis (100MHz, DMSO-d6)
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Spectrum 5.27: [1H2]-Ν−Octanoylglycine 1H NMR analysis (400MHz, DMSO-d6) and
13
C NMR analysis (100MHz, DMSO-d6)
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Spectrum 5.28: [2H2]-Ν−Octanoylglycine 1H NMR analysis (400MHz, DMSO-d6) and
13
C NMR analysis (100MHz, DMSO-d6)
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Spectrum 5.29: [1H2]-Ν−Decanoylglycine 1H NMR analysis (400MHz, DMSO-d6) and
13
C NMR analysis (100MHz, DMSO-d6)
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Spectrum 5.30: [2H2]-Ν−Decanoylglycine 1H NMR analysis (400MHz, DMSO-d6) and
13
C NMR analysis (100MHz, DMSO-d6)
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